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Résumé 

 

Avec une densité énergétique élevée et de faibles émissions de carbone pendant 

son utilisation, l'hydrogène (H2) est un combustible très prometteur pour réduire la 

dépendance énergétique mondiale aux énergies fossiles. Cependant, la production 

mondiale actuelle de H2 est d'environ 50 millions de tonnes par an, avec plus de 95 % de 

cette production provenant de l'industrie des combustibles fossiles, principalement via le 

procédé de reformage du méthane, en raison de son faible coût (~2 €/kg H2). [1] Ce 

procédé est associé à d'énormes émissions de carbone : pour 1 tonne d'H2 produite via le 

reformage du méthane, 2,5 tonnes de CO2 sont émises. [1,2] 

 

Une méthode alternative est l'électrolyse, qui peut être considérée comme plus 

durable si l'apport d'énergie provient de sources renouvelables (énergie éolienne, 

hydraulique ou solaire). [2] Néanmoins, le coût du H2 produit par électrolyse est 

relativement plus élevé en raison de l'utilisation de matériaux précieux et de la faible 

efficacité de conversion de l'électricité renouvelable en H2. Par conséquent, la production 

renouvelable de H2 à un coût plus abordable est un défi de grande importance pour rendre 

la technologie H2 d'intérêt pratique. Dans ce contexte, les cellules photoélectrochimiques 

(PEC) sont apparues comme l'un des dispositifs prometteurs pour produire du H2 vert, 

dans lesquels des photo-électrodes semi-conductrices sont utilisées pour convertir 

l'énergie solaire en énergie chimique sous la forme de molécules H2 en dissociant l'eau. 

 

Les propriétés physico-chimiques intrinsèques et les procédés de fabrication des 

photo-électrodes semi-conductrices sont des paramètres cruciaux pour que le dispositif 

PEC garantisse à la fois une efficacité solaire-hydrogène (STH) la plus élevée possible et 

un coût de production de H2 le plus bas. [3–5] Les photo-électrodes semi-conductrices 

III-V possèdent de nombreux avantages pour cette technologie en raison de leurs 

excellentes propriétés optiques. Malgré des efficacités de conversion solaire-hydrogène 

très prometteuses déjà démontrées, le développement de photo-électrodes III-V fait face 

à des coûts élevés de fabrication, du fait du prix des substrats binaires III-V. Pour cela, le 

développement de couches minces à base de semi-conducteurs III-V sur des substrats bas 

coûts (par exemple le silicium) peut être considéré comme une stratégie de réduction des 

coûts. [6–9] De plus, l'utilisation de semi-conducteurs III-V épitaxiés offre théoriquement 



II 

 

un fort avantage en termes de flexibilité, car la bande interdite et la structure de bande de 

ces matériaux peuvent être ajustées à volonté grâce à l’association de différents semi-

conducteurs III-V binaires (tels que InP, InAs, GaAs, GaP, GaSb, GaN, etc.) pour former 

des alliages ternaires ou quaternaires, avec un excellent contrôle de leur composition. [10] 

 

L'objectif principal de ma thèse était de clarifier et d'améliorer les propriétés 

photoélectrochimiques (PEC) de photoanodes constituées de couches minces III-V sur 

substrats Si, en profitant de la forte collaboration entre l'Institut FOTON (élaboration des 

matériaux, propriétés structurales et optoélectroniques des semi-conducteurs) et l’Institut 

des Sciences Chimiques de Rennes-ISCR (photoélectrochimie et catalyse). La thèse est 

structurée en 5 chapitres : 

 

Le chapitre 1 présente le contexte de recherche de la technologie de dissociation 

de l'eau en utilisant l'énergie solaire au sein de cellules PEC. Le concept de stockage 

d'énergie solaire sous forme de H2 et le principe de fonctionnement de la dissociation 

solaire de l'eau dans une cellule PEC sont d’abord rappelés (Figure I). L’accent est mis 

sur les photo-électrodes semi-conductrices, avec une introduction à la physique des semi-

conducteurs, aux interfaces métal/semi-conducteur et semi-conducteur/électrolyte. Sur 

cette base, les exigences en termes de matériaux pour le développement des cellules PEC 

en sont déduites. Enfin, une attention particulière est accordée à l’état de l’art et aux défis 

actuels dans le domaine des photo-électrodes à base de matériaux III-V et III-V/Si. 
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Figure I (a) Dispositif PEC à l'échelle du laboratoire utilisé pour la caractérisation des photo-

électrodes, (b) Schéma de fonctionnement d’un dispositif PEC utilisé pour la production de H2  

et O2  par dissociation de l'eau avec l'énergie solaire 

 

Le chapitre 2 propose une description de l'élaboration et des caractérisations 

physico-chimiques des couches minces et des photo-électrodes de III-V/Si étudiées dans 

cette thèse. La croissance épitaxiale des couches minces III-V, les techniques de 

préparation des photo-électrodes et les méthodes de traitement de surface sont expliquées. 

Des techniques expérimentales comprenant des caractérisations structurales, optiques et 

photo-électrochimiques sont décrites avec les principes de fonctionnement et les 

paramètres utilisés correspondant. Les processus en jeu lors de la dissociation de l’eau 

sont détaillés, et une description du fonctionnement de la cellule photo-électrochimique 

est proposée.  

 

Dans le chapitre 3, nous étudions les performances photoélectrochimiques (PEC) 

de photoanodes constituées d'une couche épitaxiale de GaAs (1 μm d'épaisseur) déposée 

sur un substrat de Si de type n et comparons ses performances à celles de photoanodes 

faites à partir de substrats GaAs commerciaux. L'étude structurale des échantillons 

GaAs/Si et du substrat commercial GaAs de référence est proposée avec la caractérisation 

par diffraction des rayons X (DRX) montré dans la Figure II (a). Les caractérisations 

optiques et photoélectrochimiques ont ensuite été réalisées, montrant une densité de 

photo-courant étonnamment élevée de la photoanode épitaxiale GaAs/Si équivalente à 

celle mesurée pour la photoanode constituée du substrat GaAs commercial Figure II (b). 
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L'origine de la haute densité de photo-courant est ensuite discutée, avec une analyse 

approfondie de l'efficacité de conversion photon-courant (IPCE) et de la densité de photo-

courant mesurée sous éclairage monochromatique et accordable. La densité de photo-

courant mesurée expérimentalement est ensuite analysée par rapport à celle calculée 

théoriquement en utilisant le coefficient d'absorption de l'échantillon et la densité 

spectrale du flux de photons du spectre solaire AM 1.5G. La contribution spectrale du 

substrat de Si est mise en évidence pour expliquer le photo-courant important mesuré 

pour la photo-anode GaAs/Si. 

 

 

 

Figure II (a) Caractérisation par DRX de l'échantillon épitaxial GaAs (1 μm)/Si:n et du 

substrat GaAs:n (350 μm); (b) densité de photo-courant nette en fonction de la tension sous un 

éclairage à 1 soleil (100 mW/cm2); (c) illustration des niveaux d'énergie de la bande semi-

conductrice pour la couche épitaxiale de GaAs sur substrat Si de type n, toutes deux en tant 

que couches photoactives 

 

Dans le chapitre 4, nous étudions le concept d'ingénierie de bande avec des 

alliages GaP1-xAsx épitaxiés sur substrat Si et démontrons comment les propriétés 

optiques et photoélectrochimiques sont profondément impactées par les différentes 

natures de bande interdite et alignements de bandes en fonction de la composition de 

l'alliage (Figure III) L'amélioration des propriétés d'absorption optique est mise en 

évidence par une absorption efficace de la lumière dans la région visible du spectre solaire 
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et, par la suite, par l'augmentation de l'efficacité quantique résultant en une densité de 

photo-courant élevée pour les échantillons à bande interdite directe. La variation des 

alignements de bandes entre la photo-anode et l'électrolyte est étudiée plus en détail avec 

des mesures du potentiel en bande plate (Vfb) via des caractérisations de Mott-Schottky et 

affecte le potentiel d'apparition (Vonset) des photoanodes conçues. Ces observations 

confirment qu’il est possible d’utiliser l’ingénierie de bande avec les matériaux III-V pour 

adapter et contrôler très finement les propriétés photo-électro-chimiques des photo-

électrodes. 

 

 

 

Figure III (a) Évaluation du photo-courant en fonction de la tension (j-V) pour les couches 

minces épitaxiales de 1 μm d'épaisseur d'alliages GaP1-xAsx épitaxiées sur Si avec les 

différentes compositions x(As) données en insert. Le potentiel d'oxydation de l'eau (1,23 V vs 

RHE) est marqué par une ligne pointillée noire; (b) évolution de la densité nette de photo-

courant (jnet) à 1,23 V et de la bande interdite (EG) en fonction de x(As) de l'alliage GaP1-xAsx 

 

Enfin, des résultats préliminaires concernant des tentatives de protection contre la 

corrosion des photo-anodes réalisées à partir de GaAs/Si épitaxial et du substrat GaAs 

commercial sont présentées dans le chapitre 5. Deux types de protections de surface ont 

été étudiées : 1) dépôt d'iridium métallique et de nickel par la technique de pulvérisation 

et 2) dépôt de couche atomique de TiO2 par ALD. La mesure de la densité de photo-

courant avec plusieurs balayages consécutifs et des mesures de stabilité ont été effectuées 
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pour évaluer la stabilité des photo-électrodes dans des électrolytes acides et alcalins. Les 

photo-anodes ont été étudiées plus en détail par microscopie optique, microscopie 

électronique à balayage et spectroscopie de rayons X à dispersion d'énergie pour étudier 

les changements de surface après les tests de stabilité (Figure IV) Même si une 

stabilisation efficace n’est pas démontrée ici, ces résultats donnent des premiers éléments 

de compréhension des mécanismes de corrosion en jeu dans ces photo-électrodes. 

 

 

 

Figure IV La surface de la photo-électrode (a) avant et (b) après plusieurs minutes de 

caractérisation PEC. Images de microscopie optique à l'échelle de (c) 200 μm et (d) 50 μm 

 

En conclusion, l'étude de photo-anodes à couches minces épitaxiales à base de 

semi-conducteurs III-V épitaxiés sur substrat silicium a été menée dans cette thèse en 

collaboration avec l'ISCR en étudiant leurs propriétés optiques, structurales et 

photoélectrochimiques et en les comparant avec photo-électrodes réalisées à partir de 

substrats commerciaux à coût élevé. Il est tout d’abord montré que les photo-électrodes 

III-V/Si peuvent atteindre des performances remarquables, comparables à celles de 

photo-électrodes faites à partir des substrats III-V natifs. Il est également montré 

expérimentalement que le concept « d'ingénierie des bandes » peut être utilisé pour la 

photo-électrochimie, pour contrôler les propriétés optiques et photoélectrochimiques et 

améliorer le fonctionnement des cellules photo-électrochimiques. 
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General introduction 

 

Thanks to a high energy density and possible carbon free production and use, 

hydrogen (H2) holds great promises to reduce global energy dependence on fossil fuels. 

Presently, the world H2 production rate is ~ 50 millions of tons per year with more than 

95% of this production being dependent on fossil fuel industry, mainly via steam methane 

reforming process, because of its low cost (~2 $/kg H2). [1] However, this production 

process is associated to tremendous carbon emissions: for 1 ton of H2 produced via steam 

methane reforming, 2.5 tons of CO2 are released. [1,2] An alternative method is 

electrolysis, which can be considered as more sustainable if the energy input originates 

from the renewable sources (wind, hydro or solar energy). [2] Nevertheless, the cost of 

H2 produced via electrolysis is relatively higher due the use of high-cost materials and 

modest conversion efficiency of renewable electricity to H2 fuel. [3] Therefore, the 

renewable production of H2 at a more affordable cost is a challenge of high importance 

to make the H2 technology of practical interest. In this context, photoelectrochemical 

(PEC) cells have emerged as one of the promising devices to produce green H2 via solar 

water-splitting, in which semiconductor photoelectrodes are used to perform the cathodic 

hydrogen evolution reaction (HER) and the anodic oxygen evolution reaction (OER) from 

the two most abundant resources: the sun and the water. [4,5] Despite the various recent 

research achievements in PEC water splitting technology, some issues still remain to be 

solved. Especially,  the overall solar-to-hydrogen (STH) efficiency still needs to be 

improved [6] and the lifetime of known state-of-the-art photoelectrodes needs to be 

further increased. [7–9] Thus, the quest of a robust (long lifetime) and autonomous 

(working without applied bias) PEC cell having a high efficiency (STH >10%), with a 

cost-efficient approach motivated many researches in the past 10 years. 

 

Semiconductor photoelectrodes are at the core of this technology. Therefore, their 

intrinsic physio-chemical properties and fabrication processes are crucial for the PEC 

device to guarantee both, the highest possible STH efficiency and  the lowest H2 

production cost. [10,11] III-V semiconductor photoelectrodes are one of the obvious 

candidates  for PEC water splitting materials, as record efficiencies were already obtained 

in the closely related fields of photovoltaic solar cells, photonic sensors and lasers, due to 
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their excellent optical properties. [12,13] Despite the very promising solar-to-hydrogen 

efficiencies demonstrated, the development of III-V photoelectrodes occurs at the 

expense of high substrate and fabrication cost when only expensive III-V binary 

substrates are used. [14] Nevertheless, the development of III-V thin films on earth-

abundant substrates (i.e. silicon) is frequently considered as a cost reducing strategy. 

[15,16] First experimental demonstrations were given in 2019 by our research team at 

Institut FOTON and the group of Pr. Nötzel (South China Normal University). [17–19] 

In addition, the use of epitaxial III-V semiconductors provides theoretically a strong 

advantage in terms of flexibility, as the bandgap and band structure of these materials can 

be tuned at will through alloying of the different binary III-V semiconductors (such as 

InP, InAs, GaAs, GaP, GaSb, GaN, etc..) to form a ternary or a quaternary alloy and 

controlling the alloy’s composition.  

 

The main objective of my thesis was to clarify and improve the photo-

electrochemical properties of photoanodes made of III-V thin films on Si substrates, 

taking advantage of the strong collaboration between Institut FOTON (materials 

elaboration, structural and optoelectronic properties of semiconductors) and Institut des 

Sciences Chimiques de Rennes-ISCR (photo-electrochemistry and catalysis). The thesis 

first assesses the performances of GaAs/Si epitaxial photoanodes, as compared to 

expensive GaAs ones. It then demonstrates how the concept of band engineering can be 

successfully applied to photo-electrochemistry, and how it affects the band lineups 

between the photoelectrode and the electrolyte. Preliminary studies on the development 

of protective layers are finally presented.  

 

Thesis overview: 

 

Chapter 1 introduces the research background of solar water splitting technology with 

PEC cells. The concept of solar energy storage in the form of H2 and working principle 

of solar water splitting in a PEC cell is given shortly at the beginning. A focus is given 

on semiconductor photoelectrodes, with an introduction to semiconductor physics, 

metal/semiconductor and semiconductor/electrolyte interfaces. On this basis, material 

requirements for PEC development are inferred. Finally, a particular attention is given to 
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the current progresses and challenges of the state-of-the-art III-V and III-V/Si 

photoelectrodes development. 

 

Chapter 2 gives the detailed description of the elaboration and physico-chemical 

characterizations of the III-V/Si thin-films and photoelectrodes studied in this thesis. The 

epitaxial growth of III-V thin films, photoelectrode preparation techniques, surface 

processing methods are explained. Experimental techniques including, structural, optical 

and photoelectrochemical characterizations are described with working principles and 

used parameters. Technical aspects of water splitting with energy requirements and 

detailed description of photoelectrochemical cell/setup is introduced. 

 

Chapter 3 focuses on the in-depth comparison of photoelectrochemical (PEC) 

performances of the photoanodes made of a 1-μm thick epitaxial GaAs grown on n-type 

Si substrate and a commercial GaAs wafer. The structural investigation of the epitaxial 

GaAs/Si sample is first carried out and compared to the reference GaAs commercial wafer 

with X-ray diffraction (XRD) characterization. The optical and photoelectrochemical 

characterizations were then carried out, showing a surprisingly high photocurrent density 

of the epitaxial GaAs/Si photoanode equivalent to the photoanode made of the 

commercial GaAs wafer. The origin of the high photocurrent density is then discussed, 

with regards to Si substrate light absorption and photocurrent contribution by an in-depth 

analysis of the incident photon-to-current conversion efficiency (IPCE) and photocurrent 

density under tunable monochromatic light illumination. Experimentally measured 

photocurrent density is further analyzed relatively to the theoretically calculated one 

using the absorption coefficient of the sample and spectral photon flux density of the solar 

spectrum AM 1.5G. 

 

Chapter 4 focuses on the possibility to use the concept of band engineering with GaP1-

xAsx and demonstrates how the optical and photoelectrochemical properties are deeply 

impacted by different bandgap nature and band-lineups depending on the alloy’s 

composition. The enhancement of optical absorption properties is evidenced with 

efficient light absorption in the visible region of solar spectrum and subsequently, in the 

increasing of quantum efficiency resulting in a high photocurrent density for direct 

bandgap configuration samples. The variation of band lineups between the photoanode 
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and the electrode was further investigated with flat-band (Vfb) measurements via Mott-

Schottky characterizations and found to affect the onset potential of bandgap engineered 

photoanodes which is crucial as it describes the input energy in PEC water splitting. 

 

Chapter 5 proposes a first investigation on the corrosion of bare and surface protected 

photoanodes made of the epitaxially grown GaAs and the commercial GaAs wafer. The 

two different surface protections were investigated: 1) by deposition of metallic iridium 

and nickel by sputtering technique, 2) atomic layer deposition of TiO2. Photocurrent 

density with several consecutive scans and stability measurements were carried out to 

assess the stability in acid and alkaline electrolyte. The photoanodes were further studied 

with optical microscopy, scanning electron microscopy and energy-dispersive x-ray 

spectroscopy to investigate the surface changes after stability tests. 
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Chapter 1. III-V/Si photoelectrodes: motivations and issues 

 

1.1 Green energy storage through hydrogen 

 

Sustainable green energy technologies have become more crucial than ever to 

achieve carbon neutrality and reduce our negative impacts on the environment. Until now, 

the amount of CO2 released in the atmosphere associated to human activity is 

tremendously high (~34 Gigatonnes in 2021) and it still has to be reduced drastically to 

stay below an increasing by 1.5oC of the earth surface temperature. [20] Driven by the 

consequences of global warming, most of the countries as well as world leading industrial 

companies have targeted to reduce CO2 and greenhouse gas emissions. While these 

targets imply a massive reduction of energy consumption worldwide, the large-scale 

implementation of carbon-free, sustainable and renewable energies (e.g., wind, 

hydroelectric, solar) and the improvement of their conversion efficiency is also highly 

required to help mitigating the detrimental influence of fossil fuels energy scarcity on our 

everyday life in the upcoming years. The main drawback associated to the use of some 

renewable energies is the lack of regularity due to intermittency of available sources (e.g. 

wind, solar energy), which naturally questions our ability to store this energy in a clean 

and sustainable way. [21]  

 

Amongst the renewable energy sources, solar energy is the most abundant, but 

was only poorly exploited in the previous century. Solar energy is a decentralized and 

inexhaustible natural resource, with a magnitude of the available solar power striking the 

earth’s surface of 173 000 TW, meaning that in 1 hour it provides an energy equivalent 

to the 1-year world energy consumption. From years 2010, the situation changed and the 

solar energy harvesters started to contribute significantly to the global electricity 

production (Figure 1. 1). Today, around 4% (850 TWh-1000 TWh) of the yearly global 

electricity production originates from solar energy. [20] 

 

To convert solar energy into usable energy, the most advanced technology uses 

photovoltaic (PV) solar modules, which efficiencies, robustness, payback period and 

energy payback time have been significantly improved in the last past years. With this 

approach, however, the intermittent electricity produced is stored through electro-
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chemical storage in batteries (e.g. Lithium-ion batteries), with challenging issues of 

lifetimes, toxicity, capacity, cost, recycling and materials earth abundancy. 

 

 

Figure 1. 1 Growing tendency of the renewable energy generation. Adapted from [22] 

 

Electrochemical energy storage is based on forming chemical bonds using the available 

energy at a given time. When the supply is cut, the chemical bonds that were made are 

cleaved releasing the energy that can be used in the form of electrical energy. 

 

Recently, great attention has been focused on hydrogen (H2) as a potential 

promising energy vector among other available chemical fuels, as it has an interesting 

energy density (142 MJ/kg), which is approximately 2.6 times higher than the methane 

based fossil fuels. [23] Moreover, it is a carbon-free energy precursor producing only 

water when combined with oxygen, thus leading to zero CO2 emission during its use. 

Global H2 production volume for 2021 is 70 million tons and is expected to increase in a 

large extent in the upcoming years. [24]. Up to now, H2 was principally produced from 

fossil fuels, hydrocarbon steam reforming process which is not sustainable in the long 

term. Indeed, only 5% of the produced H2 comes from renewable sources. [25] In this 

work, we focus on the direct production of hydrogen, using the sun energy to promote 

electrolysis of water. 
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1.2 Solar water splitting with photoelectrochemical cells  

 

1.2.1 Solar water splitting 

 

Solar water splitting (SWS) aims at generating green H2 from sun and water only.  

Over the years, different SWS approaches have been developed, which can be classified 

in indirect methods and direct methods, as illustrated in Figure 1. 2 (a,b). As shown in 

Figure 1. 2 (b) , the indirect approach uses at least two separate components: (i) the light 

absorber (usually a PV-cell) and (ii) the water-splitting/electrolysis component 

(electrolyzer). [26] In this case, renewable electricity is first produced by PV-cells, and 

subsequently transferred to the electrolyzer as an input energy to drive water splitting 

reactions. The PV-electrolyzer technology is mature and has a high technology readiness 

level.  

 

 

Figure 1. 2 (a) Direct and indirect approaches for green hydrogen production via solar-water 

splitting; (b) comparison between operating principles of PV-electrolyzer systems (indirect) 

and PEC systems (direct) (b). Adapted from [26] 

 

Although solar-to-hydrogen (STH) energy conversion efficiency above 10% can be easily 

obtained by wiring an efficient photovoltaic array to an electrolyzer stack, the high cost 

of the individual components (PV-cell and electrolyzer) and the system complexity makes 

the indirect approach less competitive with the conventional steam reforming of methane 

in terms of H2 production costs.[11] In the direct approach, both the light absorbing and 

water splitting components are assembled together into a single system referred as the 

Photoelectrochemical (PEC) cell. In this case, the device performance is directly 

influenced by the physical property of the semiconductor photoelectrodes. The concept 
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of photoelectrode was first introduced in the pioneering work of Fujishima and Honda 

[27] This approach is simpler, and may also lead to lower fabrication costs. But PEC cells 

are less technologically mature, still in their early stage of development, as compared to 

the indirect PV-Electrolyzer devices. [26] Nevertheless, there is a large room for 

improvement of PEC cells efficiencies in terms of materials developments [28], catalysts 

[29], stability [8] and device design optimization. [30] Indeed, PEC cells hold great 

promises for realizing solar hydrogen production at an industrial scale considering the 

world record STH efficiencies obtained for a PEC-based system (19.3%), which 

competes with the one obtained with PV-Electrolyzer systems. [6,31] However, the 

complexity of the developed photoelectrodes presented in these works make the device 

high-cost with a limited lifetime. For these reasons, no PEC cell is commercialized up to 

now. The common target STH efficiency required for a PEC cell is 10% with a lifetime 

of at least 10 years in order to compete with the current industrial hydrogen production 

technology. [30] The production of such a PEC cell should also be cost-efficient. [3] Thus, 

the development of new cost-efficient and high performances materials capable of 

absorbing the full solar spectrum, together with robust protective layers remains a core 

task of the research in this field. 

 

1.2.2 PEC cell with semiconductor photoelectrodes 

 

A PEC cell is a device that contains semiconductor photoelectrodes immersed in 

an aqueous solution (electrolyte) to produce chemical fuels (H2, O2, methanol, etc) using 

solar energy. [32,33]. The device consists of two electrodes immersed in the liquid 

electrolyte with at least one electrode exposed to the light. PEC water splitting system is 

displayed in Figure 1. 3 containing the semiconductor photocathode and photoanode 

dipped in an electrolyte, separated by a polymer membrane (proton exchange membrane). 

A brief description of processes that occur at the photoanode (n-type semiconductor) is 

illustrated as well in Figure 1. 3. In the following, a first and short description of the 

physical processes involved in photoelectrodes is provided. The absorption of light with 

energy higher than that of the bandgap of the semiconductor (Ehν > EG) generates electron-

hole pairs (e-/h+) in the semiconductor material (process I in Figure 1. 3). The photo-

generated charges are then separated thanks to the band bending between the 

semiconductor and the electrolyte (process II in Figure 1. 3) With a proper design, these 
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charges are transferred to the electrolyte to feed the oxygen evolution reaction (OER) for 

O2 production in the case of a photoanode, or the hydrogen evolution reaction (HER) for 

H2 production in the case of a photocathode. 

 

Figure 1. 3 Operation principle of a PEC water splitting system, and overview of the physical 

processes occurring at the n-type semiconductor photoanode. The main processes driving the 

water splitting in the photoanode are: (I) light absorption, (II) subsequent separation/ 

transportation of photogenerated charges and (III) water oxidation reaction (OER). The same 

processes are also considered for photocathodes, but in this case, the water reduction reaction 

(HER) is considered. 

 

The band bending and charge carrier separation processes will be explained in detail in 

an upcoming section. Usually, photoanodes are made of n-type semiconductors with 

holes (h+) driving the OER, and photocathodes are made of p-type semiconductors with 

electrons (e-) driving the HER. A polymer membrane (e.g., a proton exchange membrane 

(PEM)) is used to separate gaseous products while maintaining the electrolyte ionic 

conductivity. The oxidation and reduction reactions to split the water into O2 and H2 take 

place simultaneously; this is why the optimization of both reactions is prominent to 

achieve the highest efficiency of the PEC water-splitting system. Roughly, for application 

purposes and high STH efficiencies, scientists will target (i) the highest H2 or O2 

production rates, which means the highest possible photocurrent density, j (mA/cm2) in 

the absence of corrosion, and (ii) unassisted water splitting, which means that it is not 

needed to apply an external bias to start the reaction. These performances are usually 

assessed by measuring the (j - V) curve firstly, where j is the photocurrent density, and V 
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the applied potential with respect to a reference electrode (will be explained in details in 

next chapters). 

 

Generally, for an efficient PEC operation, and a realistic hydrogen production, the optimal 

semiconductor composing the photoelectrodes should present: 

 

1. High absorbance of the solar spectrum, which is related to its band gap values and 

its nature (direct vs indirect); 

2. Good transport properties (high mobility and long recombination time of minority 

carriers in the depletion zone); 

3. Sufficient photovoltage for unassisted water splitting (theoretically >1.23 V);   

4. High stability in harsh conditions to prevent corrosion and decomposition, while 

promoting efficient catalytic activity; 

5. Low fabrication cost; 

6. Appropriate position of the conduction band relatively to the H+/H2 redox 

potential for HER and position of the valence band energy relatively to O2/OH– 

redox potential for OER. 

 

The results presented in this work will be constantly confronted to these criteria 

for assessment of the photoelectrode operation. In the following, we present a more 

detailed description of some of these aspects, and remind useful fundamental knowledges 

about semiconductor physics, and electrochemistry. 

 

1.3 Semiconducting photoelectrodes 

 

Understanding the general physical properties of the semiconductor materials 

used in this work is of prime importance, as the development of semiconductor 

photoelectrodes is at the heart of this thesis. In this section, we present and discuss the 

physical properties of semiconductors, and metal-semiconductor or semiconductor-

electrolyte heterojunctions, with respect to photoelectrodes operation.  
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1.3.1 Bands and Fermi level in semiconductors 

 

Semiconductors is a class of materials intermediate between metals (without 

bandgap) and insulators (with a large bandgap), where energy bands originate from the 

coupling between electronic states of the numerous individual atoms as illustrated in 

Figure 1. 4. Consequently, they present a small but opened bandgap (EG). The electronic 

states located below this gap are occupied with electrons at T = 0 K and belong to the 

valence band (VB). The electronic states above the bandgap are empty at T = 0 K and 

belong to the conduction band (CB).  

 

 

Figure 1. 4 (a) General illustration of the splitting of energy levels in a material, and (b) 

relative positioning of the conduction bands (CB) and valence bands (VB) for metals, insulators 

and semiconductors 

 

The bandgap, EG (usually expressed in eV) is equal to the difference between the 

minimum of the CB (ECB) and the maximum of the VB (EVB). EG is a critical parameter 

that primarily defines light absorption properties of the semiconductor and varies in the 

range of 0.1 to 4 eV for semiconductor materials and above 4eV for insulators. [34] In a 

semiconductor the electrons in the VB can jump into the CB when they get sufficient 

external energy (E > EG), e.g., with increasing temperature or by receiving photons. The 

process is called “excitation” and leaves behind a hole (h+) in the VB. As a result, the 

number of electrons in the CB increases and thus the conductivity as well.  

 

Statistically, the general distribution of electrons over all the available energy 

levels in a semiconductor can be described by the Fermi-Dirac approximation [34] which 

allows defining the so-called Fermi level (EF). EF is the energy level where the probability 
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of finding one electron per available state is equal to 0.5 and corresponds to the chemical 

potential of electrons in the semiconductor. [35] These parameters are commonly used to 

distinguish metals (EF is located in the VB or in the CB which leads to a good electron 

conduction), from semiconductors and insulators. EF is located at the mid-gap for an 

intrinsic semiconductor (Figure 1. 5), where the electron densities (n) and hole densities 

(p) in the CB and VB are considered to be the same. The electrons or holes densities can 

be increased by introducing dopants with the aim of increasing material conductivity. The 

doping of the intrinsic semiconductor with some electron donor dopants increases 

electron density (n) making the semiconductor “n-type” with majority charge carriers 

being electrons.  

 

Figure 1. 5 Schematic illustration of the relative positioning of the Fermi level for an intrinsic, 

n-type and p-type semiconductor 

 

On the contrary, electron acceptor dopants increase the hole density (p) making the 

semiconductor p-type with majority carriers being holes. EF thus varies with the type and 

magnitude of the doping: EF is shifted close to the CB (VB) for the n-type (p-type) 

semiconductor that has relatively a larger (smaller) electron density than the intrinsic 

semiconductor meaning that the probability for the electron existence is increased 

(decreased) due to the additional (missing) electrons induced by dopants. 

 

1.3.2 Solar spectrum, band structure and bandgap in semiconductors 

 

The band structure of a semiconductor defines its ability to absorb efficiently the 

solar radiation. The AM 1.5G solar spectrum, corresponding to the standard illumination 
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conditions (1-sun or 1000 W/m²), covers a broad spectral range between Infrared and 

Ultraviolet, as shown in Figure 1. 6 with a maximum spectral irradiance in the visible 

range. A conventional semiconductor starts to absorb the light when the energy of the 

radiation becomes larger than EG; the higher the energy of the photons, the larger the 

absorption coefficient, and thus the larger the number of photo-generated carriers. 

However, solar energy harvesting devices are known to be limited by other processes 

(e.g., recombinations, thermal losses or impedance matching), so that carriers 

photogenerated with an energy much larger than the band gap cannot be used for the solar 

harvesting application considered. This is known as the Shockley–Queisser limit, and 

explains the fraction of the effectively usable power with a crystalline Si photovoltaic 

solar cell observed in Figure 1. 6. 

 

Figure 1. 6 Spectral irradiance of solar AM 1.5G spectrum and the power effectively usable by 

a crystalline Si photovoltaic solar cell. Adapted from [36] 

 

In this context, considering a single absorber configuration, it has been predicted that a 

solar device would reach its optimum efficiency by using a semiconductor with a bandgap 

around 1.3 eV [37]. Efficiency of such device could even be improved by associating two 

or more absorbers with different bandgaps, to harvest a larger portion of the solar 

spectrum. In the case of a tandem association of materials, the ideal bandgap association 

for optimum efficiency is 1.7eV/1.1eV [37]. 

 

The nature (direct or indirect) of the band structure also strongly impacts the 

performances of solar devices. As described in Figure 1. 7, the relative positioning of the 
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CB Minimum (CBM) and of the VB Maximum (VBM) at a given electron momentum in 

the crystal (k-vector) in the Brillouin zone determines whether the band structure is direct 

or indirect. In the case of direct band gap semiconductors, ECB and EVB have the same k-

vector, meaning that the transition of an electron from the VB to CB can be achieved 

upon absorption of a photon with an energy hν equivalent to the band gap of the 

semiconductor. While, the indirect bandgap semiconductors, the ECB does not coincide 

with the EVB and a change in momentum is thus needed together with the band-to-band 

transition. An additional phonon is required to enable the transition of an electron from 

the VB to the CB. [38]  

 

Figure 1. 7 Illustration of the electron transition from the valence band (VB) to conduction band 

(CB) (left) for the direct bandgap and, (right) indirect bandgap 

 

As a consequence, indirect and direct band gap semiconductors have different 

absorption properties. Due to the energetic requirements in order to change the 

momentum of electrons, the absorption coefficient is relatively smaller for indirect band 

gap semiconductors, and increase more slowly above the bandgap energy. [39] This 

difference between indirect and direct bandgaps has also some consequences on the 

design of solar devices. Indeed, the light absorption depth, defined as the inverse of the 

absorption coefficient (1/α in cm) is used to determine the thickness of light absorbers. 

Indirect band gap semiconductor absorbers are designed to be much thicker (>100 µm for 

Si solar cells) than the direct band gap ones (~1µm for direct bandgap III-V solar cells) 

in order to absorb the full portion of the solar light. The first case leads to high material 

consumption, whereas the latter one can be used only as a thin-film with low material 

consumption. 
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1.3.3 Metal - semiconductor junction 

 

As briefly mentioned above, and highlighted in this thesis, the ability to transfer 

charge carriers to the electrolyte is conditioned by the ability to bend the bands of the 

semiconductor, in a controlled way, at the vicinity of the semiconductor/electrolyte 

interface. To some extent, the semiconductor/electrolyte heterojunction has some 

similarities with the semiconductor/metal Schottky junction model case. In a first 

approximation, one can consider that the electrolyte behaves similarly as a metal, which 

Fermi energy level would correspond to the electro-chemical potential of the electrolyte 

(more details will be given in the upcoming sections).  

 

The physics of the metal/semiconductor junction is generally rationalized by the 

Schottky-Mott rule and the junction is referred as the “Schottky junction”. [34] The work 

function (Φ) is an important parameter that governs the physics of the Schottky junction. 

It is defined as the minimum energy required to extract an electron from the material. [34] 

Considering a Schottky junction formed between a metal with a work function Φm and a 

semiconductor with a work function Φs, a situation where Φm ≠ Φs will automatically lead 

to a charge transfer through the interface. Figure 1. 8 displays the energy band diagrams 

of a metal and n-type semiconductor. The first case corresponds to the situation where 

the metal work function is larger than that of the semiconductor (Φm > Φs) (Figure 1. 8 

(a) top). In this case, when the two materials are in contact, equilibration of the Fermi 

levels will occur and electrons will transfer from the semiconductor to the metal (Figure 

1. 8 (b) top). The transfer of electrons will occur until the Fermi level of the metal (EF,m) 

and semiconductor (EF,s) equilibrate. At the equilibrium, the depletion layer will be 

established at the vicinity of the interface. In this region, the metal is negatively charged 

and the semiconductor is positively charged due to the semiconductor-to-metal electron 

transfer. As a consequence, a gradient of electron concentration appears in the n-type 

semiconductor (smaller electron density near the interface, larger electron density in the 

bulk). The electric field induced by charge redistribution is thus responsible for the so-

called “band bending” near the interface. The region where the bands are bent is called 

space charge region or depletion layer which strongly depends on the nature and level of 

the doping in the semiconductor. The depletion layer has the ability to separate the 
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charges. In the present case the light induced holes (h+) are attracted towards the interface, 

whereas the electrons (e-) are repelled. 

 

Figure 1. 8 (a) Energy band diagrams of a metal and a n-type semiconductor before contact 

and (b) in contact under equilibrium. Evac is the vacuum energy, EC and EV are the energies of 

the conduction band minimum and valence band maximum, EF,s and EF,m are the Fermi energy 

levels of the semiconductor and of the metal, ΦSB is the Schottky barrier height, VBB is the 

magnitude of the band bending Φs and Φm are the work functions of the semiconductor and of 

the metal, χs is the electron affinity of the semiconductor. Adapted from ref [40] 

 

On the contrary, when the metal work function is smaller than that of the 

semiconductor (Φm <Φs), Figure 1. 8 (a) bottom, an accumulation layer is formed instead 

of a depletion layer, where the electrons are accumulated in the space charge region due 

to the electron transfer from the metal to the semiconductor as shown in Figure 1. 8 (b) 

bottom. As a consequence, the band bending and distribution of charges in the space 

charge region will be opposite to the prior case. Generally, the energy bands bend upward 

toward the interface and electrons flow from the semiconductor to the metal when Φm > 

Φs, and the inverse mechanism is observed when Φm < Φs. 

 

The magnitude of the band bending (VBB) is defined as the difference between the 

work function of the metal and that of the semiconductor,  
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 𝑉𝐵𝐵 = |𝛷𝑚 − 𝛷𝑠| (1.1) 

 

Moreover, the Schottky barrier that prevents the charge flowing backward is formed at 

the interface under equilibrium, and the height of it also depends on the work function of 

the metal (Φm) and the electron affinity of the semiconductor (χs) as shown in the equation 

below, 

 

 𝛷𝑆𝐵 = (𝛷𝑚 − 𝜒𝑠) (1.2) 

 

The electron affinity of the semiconductor (χs) in Figure 1. 8 represents the energy 

difference between the minimum of the conduction band (CB) and the vacuum energy 

level (Evac). 

 

From this general introduction on the physics of semiconductor/metal 

heterojunctions, we can now introduce with more details the physics and chemistry of the 

semiconductor/electrolyte junction, in the dark or under illumination. 

 

1.3.4 Semiconductor – electrolyte junction 

 

The semiconductor – electrolyte junction is one of the most important components 

in a PEC cell for solar water splitting, as the oxidizing and reducing photogenerated 

charges are transferred to the reaction sites through this interface. Gerischer’s model is 

widely used to describe the physics and the phenomena occurring at the junction when 

the semiconductor and the electrolyte are brought into contact. [41] Unlike solid 

semiconductors, the liquid electrolyte does not have an intrinsic Fermi level. So the 

electrochemical potential of the electrolyte, referred as ERedox, originates from the 

electrochemical potentials of the different active species in the solution (H+ and OH- in 

case of water) and depends on the concentration of ions, the interaction between them and 

their solvation energies. [41,42] The ERedox is considered as the Fermi level of the 

electrolyte in analogy to Fermi levels in solid semiconductors or metals, even if the two 

concepts are distinct. 
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When a semiconductor is in contact with an electrolyte with ERedox different than 

that of the semiconductor (EF,s), charge transfer occurs at the semiconductor/electrolyte 

interface until equilibrium is reached. As a first example, a junction between a n-type 

semiconductor and an electrolyte is considered, with EF,s larger than ERedox (Note that 

potentials and energies vs. vacuum use inverted sign conventions. Here, I will use the 

energy scale to explain the physics). In this case, the electrons flow from the 

semiconductor to the electrolyte, as shown in Figure 1. 9 (a).  

 

 

Figure 1. 9 Energy band diagram for an n-type semiconductor in contact with an electrolyte 

for three different configurations: a) equilibrium b) under applied potential and c) under 

illumination. EF,s(n)(p) are the quasi Fermi level of electrons and holes; Vph is the photovoltage; 

VBB is the magnitude of band bending; ΦB, WSC  are the barrier height and depletion layer 

width. 

 

EF,s will decrease to equilibrate with ERedox. Thus, at the equilibrium without illumination 

and without applied bias, the Fermi levels of the semiconductor and the electrolyte are 

exactly at the same potential Veq (or Vocp-dark as shown in potentiostat). The gradient of 

electrons concentration (lower near the interface, larger in the bulk semiconductor) is thus 

formed at the vicinity of the semiconductor/electrolyte interface (see the previous 

section), and the energy bands of the semiconductor are bent upward toward the interface. 

 

Inverted configuration is obtained for a p-type semiconductor, with the electrons 

being transferred from the electrolyte to the semiconductor and with the bands of the 

semiconductor bending downward toward the interface (we consider that EF,s < ERedox for 

the p-type). [41,42] In response to the charge accumulation at the semiconductor 
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/electrolyte interface, due to the presence of a depletion layer in the semiconductor, a thin 

and charged molecular layer (typically <1nm) forms in the electrolyte near the interface. 

This layer, referred usually as “Helmholtz layer” is negatively (positively) charged if the 

semiconductor is of n-type (p-type). 

 

The difference between the Fermi level of the semiconductor and the one of the 

electrolyte defines the magnitude of the band bending (VBB) at the equilibrium. This 

parameter varies also with external parameters (applied bias or illumination). The induced 

interfacial electric field assists spatial separation of the photogenerated charge carriers in 

the semiconductor; holes (h+) are attracted, whereas electrons (e-) are repelled from the 

interface. The inverse is valid for the p-type semiconductor. Additionally, the energy 

barrier that prevents the charge flowing to the opposite direction is formed at the interface 

under equilibrium that makes charge separation more efficient. There are several factors 

that influence the interfacial electric field and thus charge carrier separation/ 

transportation. Particularly, the width of the depletion layer (WSC) which can be 

calculated using the equation (1.3). It corresponds to the characteristic distance where the 

bands are bent and is typically in the order of hundreds of nanometers. [43] 

  

 𝑊𝑆𝐶 = (
2𝜀𝜀0

𝑒𝑁𝐷
|𝑉 − 𝑉𝑓𝑏|)

1/2

 (1.3) 

 

Where,  is the relative dielectric constant, 0 is the permittivity of the vacuum, e is the 

electronic charge, ND is the donor density and Vfb is the flat-band potential. Vfb is a crucial 

parameter which corresponds precisely to the parameter VBB at equilibrium (no applied 

bias, no illumination). Knowledge of this parameter gives a direct access to the relative 

positioning of the semiconductor bands with respect to the electrochemical potential of 

the electrolyte ERedox. [44] Experimentally, this parameter can be determined from a 

capacitance measurement performed on the semiconductor-electrolyte junction. Details 

will be given in next chapter. 

 

In the case of the n-type semiconductor, applying a positive potential shifts the Fermi 

level of the semiconductor downward and increases the band bending leading to the 

extension of the space charge region (larger WSC) as shown in Figure 1. 9 (b). 
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Consequently, the effect of the induced interfacial electric field becomes more 

pronounced which better separates and drives the photogenerated charge carriers to the 

reaction sites and reduces the electron-hole recombination probability. On the contrary, a 

negative bias applied will tend to flatten the bands, until the flat-band situation is reached. 

Beyond the flat-band configuration, band bending will be inverted. The band-bending and 

Vfb influences significantly the onset potential (Vonset), the starting point of PEC reaction 

(explained in chapter 2). Overpotential (delayed Vonset) is mostly observed in practical 

measurements depending on the physical properties of the material (Helmholtz layer, 

surface defects) and the electrolyte. Especially for the materials used in water OER, where 

the reaction kinetics is sluggish, larger overpotentials remain as an issue to be solved. [45] 

The use of water OER catalysts and passivation layer has been demonstrate to reduce the 

overpotential. [46] 

 

The depletion layer is further affected by light, as the e- / h+ density is increased 

upon light absorption. Depending on the density of free carriers, the Fermi level of the 

semiconductor is split into 2 quasi-Fermi levels: one for the electrons, and the other for 

the holes (EF,s(n) and EF,s(p) respectively), as presented in Figure 1. 9 (c), magnitude of 

which depends on light intensity and surface recombination rates. Higher light intensity 

and lower surface recombination rates result in a larger splitting of Fermi levels. 

Generally, the light absorption is assumed to affect mostly the density of minority carriers. 

In the case of n-type semiconductor, the resulting EF,s(n) level under illumination will be 

thus eventually slightly shifted close to its initial position (without light), whereas EF,s(p) 

will experience a more significant displacement toward the VB, leading to the increase 

of the overall oxidizing power of the material. On the contrary, for the p-type 

semiconductor, the EF,s(n) will be shifted more importantly toward the CB, whereas the 

EF,s(p) will remain almost unchanged near the VB, which will thus increase the overall 

reducing power of the material. This explains why the n-type semiconductors are 

generally used as photoanodes for the OER, whereas the photocathodes for HER are made 

of p-type semiconductors. The difference between EF,s(n) and EF,s(p) is one of the key 

parameters characterizing the PEC process and is referred to as the photovoltage, Vph [47] 

with a maximum value always smaller than the band gap energy. The photovoltage 

quantifies the voltage induced by the light itself in the semiconductor depletion zone. The 
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larger the photovoltage, the lower applied bias will be requested to use the photoelectrode 

in a PEC cell, and thus the larger STH efficiency will be expected.  

 

1.4 Semiconductor photoelectrodes: material requirements 

 

Since the first demonstration of PEC water splitting using a metal oxide 

semiconductor electrodes, [27] it appeared clearly that semiconductor materials are well 

adapted to be used as photoelectrodes if they can provide enough input energy to split the 

water molecules into gaseous O2 and H2 (>1.23 V) from the sun radiation. As stated 

previously, this can be done in a realistic way (STH > 10%, lifetime > 10 years) only if 

the semiconductor has (i) a good visible light absorption coefficient, (ii) enhanced charge 

transportation properties, (iii) suitable CB and VB energy band positions and (iv) a strong 

stability in aqueous solution. Moreover, the semiconductor photoelectrode should remain 

cost-efficient and easily fabricated to guarantee a low levelized cost of hydrogen. Finding 

all these qualities in one semiconductor is very challenging, thus many research efforts in 

the recent years have been devoted to find new materials that possess all the desired 

characteristics. In the following, we focus on the material requirements needed to achieve 

efficient photoelectrodes. 

 

1.4.1 Band gap, depletion layer and diffusion length 

 

As stated previously, for a good visible light absorption, the individual 

semiconductor or the semiconductor stack should have a suitable band gap to absorb a 

large portion of the solar spectrum. On the other hand, without any external applied bias 

(unassisted water splitting), the individual semiconductor or the semiconductor stack 

should present at least a 1.23 eV difference between the ECB and the EVB in the stack (so 

at least a 1.23 eV bandgap in the case of a single material) to provide sufficient 

photovoltage for the water splitting reaction. The absorption of photons leads to the 

generation of charge carriers and subsequently electrical current in the whole circuit, 

composed of the semiconductor, the electrolyte and the connectors. This electrical current 

is referred as photocurrent (or photo-induced current). The photocurrent density, j 

(photocurrent divided by the effective surface area of the electrode) is a widely used 

quantitative parameter to compare the performance of the semiconductor electrodes. 
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Using the spectral irradiance of the solar spectrum (AM 1.5G) and photon’s energy (hν) 

at each specific wavelength, it becomes possible to calculate the theoretical maximum 

value of the photocurrent density (jtheoretical), without considering e-/h+ recombination and 

assuming that one absorbed photon creates one e-/h+ pair. 

 

 𝑗𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑒 × ∫ 𝛷0(𝜆) × [1 − 𝑒𝑥𝑝(−𝛼 (𝜆) × 𝑑 )]
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

 (1.4) 

 

Where, Φ0(λ) is the spectral photon flux of the simulated solar light (AM 1.5G), α(λ) is 

the absorption coefficient of the material, d is the thickness, λ is the photon wavelength 

and e is the elementary charge. 

 

The value of jtheoretical is directly related to the bandgap energy and the nature of 

the band gap (indirect-direct) of the material. The growing trend of the jtheoretical as a 

function of the band gap energy and corresponding demonstrations with various materials 

are given in Figure 1. 10. [30]  

 

Figure 1. 10 Photocurrent density under short circuit conditions (photoanode @ 1.23 V vs. 

RHE, photocathode @ 0.0 V vs. RHE) under 1-sun illumination. Solid grey line is the jtheoretical 

and colored bars are experimental demonstrations with various different materials. Adapted 

from [30] 

 

The difference observed between the theoretical (solid grey line) and achieved 

(colored rectangles) photocurrents is quite obvious and can be explained with losses 

induced e.g., by charge recombinations or parasitic resistances. From this description, we 
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can easily understand that a larger bandgap will lead to a potentially larger photovoltage, 

but with a lower density of photo-generated carriers. On the other hand, a smaller bandgap 

will lead to a smaller photovoltage, but with a larger density of photo-generated carriers. 

A trend is thus to be considered for efficient PEC operation. 

 

Charge transportation is mainly defined by the mobility (μ) and diffusion length of the 

minority carriers (h+ for the n-type and e- for the p-type semiconductors). The minority 

carriers with a longer lifetime and faster mobility can propagate over longer distances 

before recombination and favor a higher charge collection efficiency. [34] The carrier’s 

lifetime can be also affected by doping concentration or crystal defects. For example, a 

very high doping decreases the diffusion length as well as induces a small space charge 

region. Considering the internal losses, such as charge recombination beyond the 

diffusion and depletion layer as illustrated in Figure 1. 11, the photocurrent density (j) 

can be re-calculated using Gärtner’s model by the equation shown below, 

 

 𝑗 = 𝑒𝐼0 (1 −
exp (−𝛼𝑊𝑆𝐶)

1 + 𝛼𝐿𝑚𝑖𝑛
) (1.5) 

 

where, e is the charge of an electron, I0 is the incident photon flux, Lmin is the diffusion 

length of minority carriers, α is the absorption coefficient and WSC is the width of the 

depletion layer. The formula takes into account only the charges photo-generated within 

the diffusion and depletion layer by subtracting the amount of charges recombined 

beyond this region from the total amount of the absorbed photons. General illustration of 

the model is given in Figure 1. 11 (a). Nevertheless, the charge recombination is known 

to occur even in the space charge region, at the surface states. This is expected to result 

in an even smaller photocurrent and with a potential loss causing delayed onset potential 

(Vonset). Figure 1. 11 (b) shows the difference in photocurrent density with and without 

recombination in the space charge region.  
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Figure 1. 11 (a) Schematic illustration of the Gärtner’s model showing the recombination of 

the charges beyond the diffusion length, Lmin and depletion layer length, WSC; (b) Delayed onset 

potential (Vonset) and smaller photocurrent are obtained, as a result of recombinations in the 

space charge region. The jG is the current predicted by the Gärtner equation, jphoto is the 

experimental photocurrent (jphoto = jG – jrec). Adapted from [35] 

 

In this case one has to apply a greater external potential to have the same amount of the 

photocurrent when the recombination was not considered. It was already mentioned 

above, that applied potential increases the band bending and thus increases the driving 

force for the transport of the charges through the semiconductor / electrolyte interface. 

Accordingly, it appears clearly that the width of the depletion layer (WSC) and diffusion 

length of the carriers (Lmin) are as important as having a suitable bandgap for a large range 

light absorption. 

 

1.4.2 Positioning of the energy band edges 

 

In order to perform the water OER/HER reaction with high selectivity and lower 

overpotentials, the ECB and EVB should be well aligned with the reduction and oxidation 

redox potentials of water. More specifically, the CB (VB) of the semiconducting material 

has to be higher (lower) than the corresponding redox potential energy level in order to 

be able to drive in an unassisted way the water splitting reaction (without external applied 

voltage). Figure 1. 12 (a) shows the ideal case, where both energy band positions of the 

semiconductor straddle the water HER and OER potentials energy levels. It means in this 

ideal case this semiconductor can be both used for water oxidation and reduction 

reactions.  
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Figure 1. 12 (a) The relative positioning of the semiconductor band edges with respect to the 

water redox potentials that are suitable for both unassisted HER and OER; (b) for unassisted 

OER only and (c) for unassisted HER only. Band alignments are given without equilibration of 

Fermi Levels, applied bias or illumination. 

 

In more practical way, a n-type (p-type) semiconductor is considered for the OER (HER), 

as the majority of known semiconductors do not fulfill simultaneously these two 

requirements for OER and HER. Instead, the usual strategy is to select one semiconductor 

suitable for OER and another one for HER. Figure 1. 12 (b) shows a possible band 

alignment suitable for the OER reaction. In this case, photogenerated holes could likely 

drive the OER, while electrons would require external potential to drive the HER. Figure 

1. 12 (c), on the contrary, shows a possible band alignment suitable for the HER reaction. 

Here, photogenerated electrons could likely drive the HER, while holes would require 

external potential to drive the OER.  

 

1.4.3 Stability of semiconductor photoelectrodes 

 

The high reactivity of semiconductor surfaces with electrolytes makes stability 

issues critical in PEC cell development. Such stability issues are more crucial in strong 

acidic or alkaline electrolytes. Generally, unprotected PEC cell photoelectrodes corrode 

and their performances drop drastically with time. [48] While a lifetime longer than 10 

years is required for a practical use of PEC system, [3] a typical operation time for best 

known photoelectrodes is in the range of few hundreds of hours. [8] The semiconductor 

photoelectrodes in PEC cell are known to corrode through chemical, electrochemical and 

photoelectrochemical corrosion. Chemical corrosion involves only chemical actions that 

lead to degradation of the material without necessity of net charge transfer across the 
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solid-electrolyte interface. Electrochemical and photoelectrochemical corrosion, 

however, require a net charge transfer between the semiconductor and the electrolyte. 

[48] The stability of a semiconductor against electrochemical /photoelectrochemical 

corrosion is based on so called thermodynamic anodic/cathodic self-decomposition 

potentials, Ep,d (pH) and En,d (pH) that are dependent on pH of the surrounding electrolyte 

[49,50]. For a binary compound semiconductor MX, the self-decomposition reactions can 

be either anodic or cathodic as written below, 

 

 𝑀𝑋 + 𝑧ℎ+ → 𝑀(𝑎𝑞)
𝑧+ + 𝑋 (𝑎𝑛𝑜𝑑𝑖𝑐) (1.6) 

 𝑀𝑋 + 𝑧𝑒− → 𝑀 + 𝑋(𝑎𝑞)
𝑧−  (𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐) (1.7) 

 

Electrochemical corrosion occurs without illumination, by involving only the 

majority charge carriers (electrons for n-type, holes for p-type). For instance, the n-type 

semiconductors undergo cathodic decomposition, if the potential (En,d) is located at a 

lower energy than the Fermi level EF of the semiconductor. For the p-type semiconductors 

electrochemical corrosion is likely to occur through anodic decomposition if the potential 

(Ep,d) is located at a higher energy than the Fermi level EF. [50] To summarize, the 

electrochemical corrosion can occur if, 

 

 𝑝 − 𝑡𝑦𝑝𝑒 𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟: 𝐸𝑝,𝑑 > 𝐸𝐹 (𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (1.6) (1.8) 

 𝑛 − 𝑡𝑦𝑝𝑒 𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟: 𝐸𝑛,𝑑 < 𝐸𝐹 (𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (1.7)) (1.9) 

 

As a consequence, as the Fermi level of semiconductors is located in their bandgap, the 

semiconductor is considered as thermodynamically stable against anodic self-

decomposition, if the (Ep,d) is located below the EVB. The same applies for the cathodic 

self-decomposition, if the (En,d) is above the energy level of the ECB. Figure 1. 13 shows 

the calculated anodic decomposition (Ep,d red bars), cathodic decomposition (En,d black 

bars) potentials, as well as positions of energy bands, CB (blue columns), VB (green 

columns) for many state-of-the-art semiconductor materials at pH=0.  
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Figure 1. 13 Calculated anodic (Ep,d red bars), cathodic (En,d black bars) self-decomposition 

potentials for various semiconductor materials at pH=0, with corresponding CB and VB band 

alignments. Adapted from ref [51] 

 

For the metal oxide semiconductors, i.e., ZnO, BaTiO3, SnO2, TiO2, etc., the (En,d) is 

located above than the CBM. As the Fermi level of n and p-doped semiconductors is 

located within the bandgap, it is expected that (En,d > EF). Thus, these semiconductors are 

expected to be stable against cathodic self-decomposition. In contrast, for III-V 

compounds (GaP, GaAs, InP, etc.), the (En,d) is located far below than the ECB (En,d < EF). 

Therefore, III-V compounds are expected to be prone to cathodic decomposition. In terms 

of anodic self-decomposition potential, for most of the semiconductors, the (Ep,d) is 

located far above the VB. As a consequence, the anodic self-decomposition is expected 

for the majority of p-type semiconductors.  

 

The previous discussion does not take into account the presence of other redox 

couples or solvent decomposition reactions. Especially, in the general context of 

hydrogen production through water splitting, the solvent decomposition reactions are the 

HER and OER, which should be promoted. Figure 1. 14 (a-d) illustrates schematically 

some specific situations, with the semiconductor and solvent decomposition potentials 

and energy bands of the p and n-type material. In the first case considered (a), the n-type 

material has a potential (En,d) located below the CBM and is thus expected to be unstable 

against cathodic self-decomposition. However, the solvent decomposition potential 
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(En,solvent) is below (En,d) of the semiconductor and thus the material is protected against 

cathodic self-decomposition by solvent decomposition. In the second case considered (b), 

the p-type material is likely not to be protected and remains unstable because the (Ep,d) is 

located above than the (En,solvent).  

 

 

Figure 1. 14 Schematic illustration of some specific configurations of band alignments, 

including non-illuminated semiconductor decomposition potentials, solvent (electrolyte) 

decomposition potentials and VBM and CBM for (a) n-type, or (b) p-type semiconductor; 

Illustration of the semiconductor stability against photocorrosion of the illuminated (c) n-type, 

(d) p-type. The energetic position of minority carrier quasi-fermi levels (EF,s (n), EF,s (p)) at the 

surface and that of anodic and cathodic decomposition potentials (Ep,d, En,d) are shown. 

 

This analysis is valid if the rate of the solvent decomposition reactions is higher than that 

of semiconductor decomposition. Kinetics of the water-decomposition for instance, 

affects largely the stability of the semiconductor used, as the semiconductor self-

decomposition and HER/ OER reactions are in competition. [52] For example, it has been 

observed that an electrodeposited Pt catalyst on a GaInP photocathode enhanced the 

kinetics of HER and thus stabilized the electrode against cathodic decomposition [53]. 
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Until now, we considered semiconductor self-decomposition in the dark, where 

only majority carriers contribute to the semiconductor decomposition (anodic 

decomposition for the p-type and cathodic one for the n-type sample). As shown in 

previous paragraph, under illumination, concentrations of minority carriers increase and 

their quasi-fermi levels move quickly with illumination. In photocorrosion, the 

semiconductor decomposition occurs with minority carriers (h+ for the n-type, e- for the 

p-type). Thermodynamic stability of the semiconductor is now defined by the relative 

energy positions of the quasi-Fermi levels (EF,s (n), EF,s (p)) at the semiconductor surface 

and the respective anodic and cathodic self-decomposition potentials (Ep,d, En,d) as shown 

in Figure 1. 14 (c-d). For instance, thermodynamic stability against photocorrosion is 

achieved for a n-type semiconductor (c) when the anodic self-decomposition potential, 

Ep,d is located below the minority carrier quasi-fermi level (Ep,d < EF,s (p)) for some given 

illumination conditions and surface recombination rates. [54] For a higher illumination 

or lower surface recombination rate, the semiconductor may undergo photocorrosion, if 

the pseudo-Fermi level EF,s (p) shifts at a lower energy than Ep,d. In a similar way, a stable 

situation is depicted for the p-type semiconductor (d) as well and the stability criteria is 

given by En,d > EF,s (n). 

 

To summarize, the stability of a semiconductor photoelectrode depends on the 

relative energy position of the anodic/cathodic decomposition potentials, the solvent 

decomposition reactions and the quasi fermi levels. [50] In general, the stability issue 

appears much more critical for the semiconductors that are used for water oxidation 

reaction (photoanodes) than for photocathodes due to the slower kinetics and higher 

energy requirement of OER. [55] 

 

1.5 III-V/Si materials for photoelectrodes: promises and 

issues 

 

III-V materials have been used for years both academically and industrially in the 

field of photonics, taking advantage of their excellent optical and electronic properties, 

their robustness for long life-time devices, and the possibility to control at the nanoscale 

their optoelectronic properties. It also emerged recently as a promising solar energy 

harvesting material’s family for photoelectrodes [30] or solar cells [56], establishing 
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world record performances, but without finding any large scale industrial outcome 

because of their prohibitive fabrication cost (they are used in aerospace applications for 

instance). Beyond their excellent optical performances, the promises and issues related to 

their fabrication, alloying and their possible integration on Si are discussed in this section.  

 

1.5.1 Accurate control of interfaces and doping profiles  

 

By using Molecular Beam Epitaxy (MBE) or Metal Organic Vapor Deposition 

(MOCVD) facilities, the lattice-matched monocrystalline III-V layers can be deposited 

epitaxially without noticeable bulk crystal defects or interfacial defects formation. High 

quality heterojunctions including different III-V compounds with excellent 

optoelectronic properties can thus be elaborated. Also, during the epitaxy of the III-V 

semiconductor, dopants can be incorporated with a very fine control of the concentration 

and spatial distribution. These possibilities are at the origin of the development of high-

performance optoelectronic devices (HEMT transistors, laser or LEDs), or of energy 

harvesting devices (photoelectrodes and solar cells). In solar cell technologies, it allowed 

the achievement of complex multijunction tandem cells architectures, with record solar 

energy conversion efficiency (45 %). [57] In PEC technologies, by combining multiple 

absorbers, high photovoltage and unassisted water splitting was achieved. The first 

demonstration has been reported by Khalesev and Turner with the Pt/GaInP2/GaAs 

multijunction photoelectrode which showed unassisted water splitting with a promising 

photocurrent density of 10 mA/cm2 and a STH efficiency of 12.4%. [58] This approach 

was further developed resulting in world record STH efficiencies, which will be detailed 

in an upcoming section. 

 

1.5.2 Bandgap engineering with III-V alloys 

 

The mainstream monocrystalline growth facilities cited in the previous section 

(MBE and MOCVD) are not only able to provide a high quality III-V material but can 

also be used to combine two binary III-V compounds, to form a ternary III-V alloy (or 

even a quaternary alloy) with a high accuracy on the composition of the alloy. Figure 1. 

15 gives the bandgap energy as a function of the lattice parameter of some common III-

V semiconductors. Circular dots represent binary III-V semiconductors, while the dashed 
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(indirect bandgaps) and solid lines (direct bandgaps) represent the ternary alloys 

connecting the binary III-V materials. From this figure, it can be seen that the precise and 

fine tuning of the alloy composition offered by epitaxial facilities allows also a fine tuning 

of the bandgap, and thus of the band positions. This property is very interesting for PEC 

applications. 

 

Figure 1. 15 Plot of the energy gap of III-V semiconductor as a function of the lattice constant. 

Indirect band gap semiconductors (brown circle) and their alloys (dashed line), direct band 

gap (black circle) and their alloys (solid line). Adapted from ref [59] 

 

Indeed, it means that the position of the conduction band (CB) and valence band (VB) 

edges could also be adjusted at any specific oxidation reduction reactions. [60] Moreover 

the nature of the bandgap (indirect-direct) can be modified to enhance solar energy 

harvesting capabilities. For example, GaP has a large, and indirect bandgap of 2.26 eV 

and therefore, absorbs a small part of the solar spectrum. The incorporation of Sb (or As) 

to form GaP(As,Sb) alloys, allows to get a direct band gap, and subsequently a stronger 

light absorption. As shown in Figure 1. 15 the band gap of GaP1-xAsx can be tuned all 

along the red line by controlling the elemental composition of the alloy, i.e., the band gap 

of the GaPAs alloy (red line) can be modulated from the one of GaAs (1.42 eV) to that of 

GaP (2.26 eV) through the fine control of As or P elements. This can thus be made easily 

in epitaxial facilities, but simultaneously, it also changes the lattice parameter of the 

grown crystal, which can generate some crystal defects, and have a drastic influence on 

the device performances (this will be further discussed in the thesis). Surprisingly, in the 

PEC literature, bandgap engineering was only used considering stacks of different 
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materials with different bandgaps, but having the same lattice parameters, such as 

GaAs/AlAs/GaInP or AlInAs/GaInAs/InP. PEC performances of several photoelectrodes 

based on lattice matched materials have been reviewed. [10]  

 

1.5.3 Crystal defects and monolithic integration on Si substrate 

 

Since the early development stages of optoelectronic devices for photonics or 

photovoltaics, a clear correlation was made between the crystal quality of the III-V 

semiconductors and the ultimate performances of the developed devices. Fundamentally, 

this can be easily understood, as crystal defects which possess dangling bonds are 

commonly understood as non-radiative recombination centers, thus capturing a part of 

the electrons going through the defects. The most common crystal defect developed 

during the epitaxy is the dislocation. A dislocation is the defect encountered when an 

atomic row of atoms is missing or added to the perfect III-V crystal. [61] Especially, 

misfit dislocations appear when the epitaxial materials don’t have the same lattice 

parameter than the substrate (see Figure 1. 16 (a)). This is why most of the materials 

scientists preferentially worked on lattice-matched materials to develop devices for 

photonics and energy. Nevertheless, strategies were found to overcome the dislocation 

issue, and impressive demonstrations were obtained with metamorphic devices in the 

field of photovoltaics [56] or lasers [62]. 

 

Additionally, the monolithic integration of III-V semiconductors on silicon 

substrates also leads to several additional specific defects, on which the research team of 

Institut FOTON developed a recognized expertise. Especially, stacking faults (SFs) and 

microtwins (MTs) are planar defects that alter the crystallographic plane order and are 

found in close-packed structures where the atomic layers are arranged in a certain stacking 

order (see Figure 1. 16 (b) and (c)). Their appearance was found to be related to 

inappropriate Si substrate chemical/thermal preparation, or inappropriate growth 

initiation conditions. [63,64] Finally, beyond SFs and MTs, antiphase domains may form 

in the III-V epilayers, due to the different crystallographic structures of III-V 

semiconductors (Zinc-Blende, except for GaN), and Si (Diamond). These antiphase 

domains correspond to a rotation by 90° in-plane of the III-V crystal, and are separated 

by Anti-Phase Boundaries (APBs) (see Figure 1. 16 (d)). These structural defects, whose 
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generation mechanisms were clarified recently, [61,65,66] were found to provide to the 

samples original physical properties, and possible beneficial impact on some 

photoelectrodes performances. [18] 

 

 

Figure 1. 16 (a) Cross-sectional transmission electron microscopy (TEM) image of crystal 

dislocations propagating through the GaAs grown on Si substrate; (b) illustration of an 

intrinsic stacking fault; (c) microtwins and (d) atomic configuration of a stoichiometric APBs 

adapted from [67] 

 

1.6 III-V and III-V/Si photoelectrode performances: a state-

of-the-art 

 

Since the first demonstration of solar-water splitting with TiO2 in 1972, [27] many 

research works have been conducted on oxide semiconductors especially on Fe2O3, [68] 

BiVO4 [69] and WO3 [70]. With these materials, the reported maximum photocurrent 

densities obtained for a bare photoelectrodes are below 5 mA/cm2 at 1.23 V vs RHE. The 

origin of these poor performances can be related to the intrinsic properties of oxide 

semiconductors. Indeed, they present large and indirect band gaps, limiting the absorption 

of solar photons, and low carrier diffusion lengths restraining photocarrier collection and 

thus photocurrents. Nevertheless, oxide semiconductors are earth abundant and low-cost 

materials. Therefore, significant research efforts was done to improve the light harvesting 

efficiency of metal oxide semiconductor-based PEC cells. [46,71] On the other hand, 
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photoelectrodes composed of binary III-V semiconductors were also deeply investigated 

showing very promising performances, but at a much higher cost, and facing the intrinsic 

problem of their poor stability (already discussed in previous sections). In the following, 

we present some of the typical performances of different III-V single photoelectrodes, p-

n junctions or multi-junctions architectures and review the attempts to integrate them on 

silicon. In this state-of-the-art, we will focus on three fundamental parameters, which are 

of critical performance to develop an efficient PEC cell: (i) the maximum photocurrent 

achieved (traducing the ability to convert solar light into chemical fuel without 

considering corrosion), (ii) the onset potential (the smaller the better for a photoanode, 

and the larger the better for a photocathode), traducing the ability to drive the OER and 

HER reactions, (iii) the lifetime of the device, as it is one of the main drawbacks of III-V 

semi-conducting photoelectrodes. 

 

1.6.1 InP photoelectrodes 

 

Among III-V semiconductors, indium phosphide (InP) is one of the promising 

candidates for PEC applications. The material has a direct band gap of 1.34 eV close to 

the optimum one for wide-range sunlight absorption and excellent electronic properties 

[72]. Its conduction band edge is higher than the water reduction potential (HER) and 

thus InP have mainly been used for photocathodes with recorded photovoltages resulting 

in Vonset of 0.62 and 0.84 V vs. RHE and a maximum photocurrent density of ~24 mA/cm2
 

(0 vs RHE). [73,74] As discussed previously, the corrosion in aqueous electrolyte is one 

of the major drawbacks for InP based photoelectrodes operating in a PEC system with a 

lifetime of less than 2 h. Nevertheless, the use of thin-film protection layers has 

successfully increased the photoelectrode durability. [73] 

 

1.6.2 GaN photoelectrodes 

 

Gallium nitride (GaN) is a III/V semiconductor that is mainly used in blue light-

emitting diode fabrication. It has a Wurtzite crystal structure and a direct band gap (3.4 

eV). Due to its large band gap, GaN absorbs only a small fraction of the solar spectrum 

and low photocurrents are expected (< 5mA/cm2). However the valence edge energy of 

GaN is located well below OER reaction energy and is favorable for photoanode 
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elaboration. [75] Bare-GaN photoanodes were studied by Kamimura et al [76]. They 

show a photocurrent density of 1.1 mA/cm2 (1.23 V vs. RHE) with a Vonset of -0.25 V in 

a neutral phosphate buffered electrolyte solution (pH=7). The application of cobalt 

phosphate catalyst on a bare-GaN slightly improve the photocurrent density reaching 1.5 

mA/cm2 [76]. Although the catalyst modification suppressed surface recombination, the 

stability tests reveal that the photoanode has corroded in 1 h due to the high oxidizing 

potentials. The well-known metal-oxide passivation layers such as, Al2O3 and Fe2O3 have 

been tried on the bare-GaN photoelectrodes and the lifetime of photoelectrode has been 

successfully increased by several hours. [77,78]. Studies have shown that GaN 

nanostructures, especially those exhibiting N-terminated surfaces are resistant against 

oxidation and photocorrosion. For example, stable photocatalytic solar water splitting has 

been demonstrated on InGaN with N-terminated nanowire arrays without any extra 

surface protection layers. [79] 

 

1.6.3 GaP photoelectrodes 

 

Gallium phosphide (GaP) is one of the mature, extensively studied III-V binary 

semiconductor, as it has an appropriate bandgap (2.26 eV) to provide high photovoltage 

and suitable energy band positions. The material was extensively studied as photocathode 

[80–83] due to the appropriate positioning of the CB relatively to the water HER potential. 

Malizia et al., demonstrated p-GaP photocathodes with increased Vonset and stability by 

sputtering n-type metal oxides (n-TiO2, n-Nb2O5) onto bare p-GaP photocathodes. [81] 

As a result, p-GaP/n-TiO2/Pt photocathodes showed a photocurrent density of 1.45 

mA/cm2 at 0 V vs. RHE with a Vonset of 0.71 V. The photocathode was stable for 24 h 

without any degradation in 1 M HClO4 (pH~0). Whereas, the bare p-GaP had a lower 

Vonset (0.52 vs. RHE), with similar photocurrent density (1.25 mA/cm2) but started to 

decompose within 6 h. Although the metal-oxide sputtered p-GaP photocathode showed 

a promising PEC performance in terms of Vonset and stability, the resulted photocurrent 

density under 1-sun illumination was small (~1.4 mA/cm2). The small photocurrent of 

GaP can be attributed to the large and indirect band gap of the material that leads to a 

poor light absorption (αGaP = 102 - 103 cm-1 just above 2.26 eV). The nanowire geometry 

with the crystal structure of wurtzite type was found to be a promising approach to 

improve the light absorption properties of GaP. [84] Standing et al, have extensively 
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studied p-GaP photocathodes for the PEC water reduction, reporting a similar 

photocurrent density (~1.4 mA/cm2 at 0 V vs. RHE) for both planar “zinc-blende” and 

nanowire (NW) “wurtzite” p-GaP photocathodes. [82] Nevertheless, the photocathodes 

with NW geometry were improved significantly by applying the MoSx and Pt catalyst 

obtaining 10 mA/cm2 at 0 V vs. RHE and Vonset of 0.76 V.  Moreover, the p-GaP(NW)/Pt 

photoelectrode was stable for 5 h in 1 M HClO4 (pH~0) without any applied protection 

layer. The authors claimed that modifying the geometry from planar to nanowire and 

application of Pt catalyst enhances light absorption as well as the kinetics of water HER. 

 

GaP photoanodes were scarcely studied, due to the sluggish hole-transfer kinetics 

leading to high overpotentials to enable water OER. Besides, corrosion of GaP is more 

prominent in anodic potential than the cathodic one. Despite the harsh conditions of water 

OER and corrosion issue associated, [51] significant efforts have been made to explore 

the potentials of GaP and to employ as PEC water splitting photoanodes. For instance, 

Hu et al., demonstrated nGaP photoanodes protected with an amorphous ALD grown 

TiO2 passivation layer in combination with Ni catalysts to improve the stability and 

charge transfer kinetics. [85] As a result, nGaP/TiO2/Ni photoanode showed a 

photocurrent density of 2.3 mA/cm2 at 1.23 V vs. RHE. The photoanode was stable for 5 

h in 1 M KOH (pH=14) and started to decompose after. Alqahtani et al., applied CoOx as 

a catalyst onto a TiO2 protected GaP photoanodes and achieved a good stability for 24 h 

in 1 M NaOH (pH=14). [86] However, the recorded photocurrent density for both, bare-

nGaP (nGaP/TiO2/CoOx) 0.18 mA/cm2 (0.56 mA/cm2) at 1-sun illumination was ~10 

times smaller than the values reported in the literature. [18,87]. Bagal et al., have reported 

recently a simpler strategy to protect GaP photoanodes, where the authors investigated a 

photo-deposited NiOOH co-catalyst on the GaP thin films. GaP photoanode with photo-

deposited NiOOH co-catalyst showed a photocurrent density of 1.28 mA/cm2 at 1.23 V 

vs. RHE with Vonset at -0.03 V. [88] Furthermore, the photoanode with NiOOH co-catalyst 

was stable for 11 h at applied potential of 0.2 V vs. RHE in 0.5 M H2SO4 (pH~0) solution, 

while bare-nGaP started to corrode after 1.5 h. 
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1.6.4 GaAs photoelectrodes 

 

Gallium arsenide (GaAs) is another efficient material of the III-V family, used 

mostly in photovoltaic industry or laser technology. It possesses a direct band gap (1.42 

eV), and high charge carrier mobilities (e.g. electron mobility up to 8500 cm2/Vs and hole 

mobility of 400 cm2/Vs). [89] A perfect 1-μm thick GaAs thin-film photoelectrode could 

result in ~30 mA/cm2 under 1-sun illumination (theoretical maximum photocurrent 

density of GaAs). [30] The recorded experimental values for GaAs photoelectrodes are 

however lower (~20 mA/cm2 as a photocathode, ~14 mA/cm2 as a photoanode). [85,90] 

As any other III-V material, GaAs is prone to corrosion and decomposes rapidly. Several 

studies have been conducted to investigate the electrochemical behavior of GaAs in 

different aqueous solutions with the aim of exploring the degradation mechanism. [91,92] 

It was mentioned that the material suffers from rapid photocorrosion resulting in a 

dissolution of the formed corrosion products. Moreover, photocorrosion is more 

pronounced in oxidation reaction where six elementary charge carriers are required for 

anodic dissolution of one formula unit, while cathodic corrosion occurs at slower rate. 

[93]  

 

Young et al., have investigated 2 μm-thick epitaxial p-GaAs photocathodes for water 

HER, obtaining a remarkable cathodic photocurrent density of 22 mA/cm2 at -0.57 V vs. 

RHE. [90] The photocathode had a Vonset of -0.15 V and a stability of 120 h with minimal 

etching in 3 M H2SO4 (pH~0) solution. The observed stability is in strong contrast to 

GaInP2 and InP which decompose within 2 h. [94,95] The findings of authors from 

surface analysis experiments (XPS) support that corrosion occurs in a much slower rate 

and it is likely due to the formation of elemental As during the water HER.  

 

1.6.5 p-n single and multi-junction photoelectrodes 

 

GaAs photoanodes, based on n/p bulk junction  were successfully demonstrated 

by Hu et al., showing a photocurrent density of 14.3 mA/cm2 at 1.23 V vs. RHE with 

stable operation for 25h in 1 M KOH (pH=14) thanks to an ALD-grown electronic 

defective TiO2 passivation layer and an optically transparent Ni OER co-catalyst. [85]. 

Alternative surface passivation layers such as monolayer of graphene [96] and in-situ 
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electrodeposited Nickel-borate surface catalysts [97] have been also studied, showing a 

saturated photocurrent density of ~20 mA/cm2 but with limited stability, lasting for about 

8 h.  

 

Studies on multi-junction photoelectrodes based on GaAs have been conducted as well to 

demonstrate unassisted water splitting. Recently Kang et al [98] reported ultra-thin GaAs 

n/p bulk junctions immersed in an electrolyte, used as a photoanode or as a photocathode 

by changing the surface exposed to the electrolyte and the protective layer deposited on 

top surface. They demonstrated that two series connected n/p GaAs electrodes can supply 

a sufficient photovoltage to drive water splitting with sunlight as only energy input. A 

solar to hydrogen efficiency of 13.1 % was measured. The latest record for PEC cells, has 

been obtained on metamorphic three junction tandem cell (GaInP/GaInAs)/TiO2/RuOx 

with a 19.3 % STH efficiency under 1-sun illumination in which materials with dissimilar 

lattice parameters are stacked. [31] However, these structures are very complex and costly 

and their practical use remains questionable. 

 

1.6.6 III-V/Si photoelectrodes 

 

Despite the excellent performances of multijunction III-V photoelectrodes, the 

practical application of such a complex structured photoelectrodes made of expensive 

commercial wafers is very limited for terrestrial applications due to their prohibitively 

high cost and complexity. Indeed, a 2-inch silicon wafer price is ~30 EUR, whereas a 

GaAs wafer is ~500 EUR. A techno-economical manufacturing analysis conducted by 

Shaner et al., claims that the III-V substrate cost corresponds to 90% of the final PEC 

device cost that operates with III-V photoelectrodes. [11] In this context, integration of 

III-V semiconductors in the form of thin-films on earth-abundant Si substrates is 

considered as cost reducing and thus as a more sustainable approach. [10,18,99]  

 

While many research works were mostly carried out using commercial substrates with 

binary III-V semiconductors, only few researches have been focused on the use of III-V 

semiconductors on Si substrate for PEC applications. [18,99–101] Wu et al., have 

proposed to use a 1.7 eV band gap GaAsP nanowire photocathode monolithically grown 

on Si substrate. The GaAsP (NW)/Si photocathode with integrated Pt catalysts showed a 



Chapter 1 – III-V/Si photoelectrodes: motivations and issue 

41 

 

photocurrent density of 4.5 mA/cm2 at 0 V vs. RHE and a recorded Vonset of ~0.5 V. [102] 

The authors stated that, despite low surface coverage of the self-catalyzed NW the 

resulted STH value (0.5%) was relatively high as compared to other wafer scale NW 

photocathodes published previously. [80,103] Alqahtani et al., have studied planar GaP 

grown on Si substrate as a photocathode for water HER, demonstrating a photocurrent 

density of -0.4 mA/cm2 at 0 V vs. RHE. [100] The relatively low photocurrent density 

was attributed to the indirect band gap of GaP and the small thickness of GaP thin-film. 

Recently, the first planar III-V nitrides photoelectrodes on Si substrate were demonstrated 

by Nötzel et al., who reported a photocurrent density of 13.6 mA/cm2 at 1.23 V vs RHE, 

which was further improved by using surface quantum dots activated structures. [19] 

Simultaneously, the demonstration of planar Zinc-Blende GaPSb photoanode grown on 

Si substrate was realized by our group, showing a remarkable photocurrent >10 mA/cm2 

at 1.23 V vs RHE and stability for 5 h in 1 M KOH (pH=14) electrolyte. [17]. In addition 

to the promising photocurrent densities obtained with III-V semiconductors grown on a 

low-cost Si substrate, alloying of III-V are known for the capability of engineering the 

bandgap energy and band lineups between the photoelectrode and the electrolyte which 

is of great interest for PEC devices. Assessment of GaP1-xSbx alloys grown on Si was 

studied experimentally and theoretically revealing the advantages of the material in terms 

of light harvesting capabilities or band gap engineering properties. [101] Later on, the 

study was further extended to other III-V/Si materials systems, i.e., GaP, GaPSb and 

GaAsP alloys grown on Si with the measured Vonset in the range of 0.12 and 0.45 V vs 

RHE and the photocurrent density equals to 1.0, 7.8 and 11.3 mA/cm2, respectively at 

1.23 V vs RHE [18]. However, the lifetime of the photoanodes were several minutes (< 

30 min) which is not surprising for bare III-V photoanodes. 

 

Above-mentioned the state-of-the-art III-V photoanodes are summarized in Table 1.1 

below to compare later with the photoanodes developed in this thesis. 
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Table 1.1 State-of-the-art III-V photoanodes reported in this thesis 

 

1.7 Objectives of the thesis 

 

The main objective of the thesis is to assess the potential of the GaP1-xAsx alloy 

grown monolithically on Si substrate for anodic operation, in order to develop cost-

efficient photoelectrodes for solar hydrogen production with simple designs. Obviously, 

the use of Si substrate reduces significantly the fabrication cost, as it is a low-cost (second 

most abundant element on earth) material, widely used in the microelectronic industry. 

Thanks to the strong light absorption within III-V materials, the absorber’s thickness can 

be as well reduced to few microns or lower. As a result, the consumption of expensive 

elements is limited in the proposed structure design and a drastic cost reduction is 

anticipated for PEC devices. Moreover, alongside the superior optoelectronic properties 

(enhanced light absorption, high electron-hole mobility), we here study the ability to tune 

at will the composition of GaP1-xAsx alloys, to take advantage of bandgap engineering 

capabilities. The band gap energy, as well as the relative position of the conduction and 

valence band edges can be precisely tuned with the elemental composition, in order to 

achieve a large range absorption of the solar spectrum, high efficiency in photon-to-

electron conversion and more importantly an ideal positioning of the band energy levels 

relative to the underlying Si substrate and water redox potentials.  

 

This dissertation builds on the promising results obtained by FOTON Institute in 

collaboration with University College London for GaP0.7Sb0.3 photoelectrode grown on 
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Si substrate, and prolongs the collaboration with ISCR-Rennes (G. Loget, B. Fabre) 

initiated in the framework of L. Chen’s PhD thesis. The thesis will focus first on the 

comparison/benchmarking of a GaAs/Si photoelectrode, as compared to a GaAs one 

(chapter 3). Then, the applicability of the bandgap engineering concept to a 

photoelectrode operation will be studied (chapter 4), and the stability issue of III-V/Si 

photoelectrodes will finally be discussed and addressed (chapter 5). 
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Chapter 2. Experiments: growth, structural, optical and 

electro-chemical characterizations of photoelectrodes  

 

This chapter presents a detailed description of the elaboration and physico-

chemical characterizations of the III-V/Si thin-films and photoelectrodes studied in this 

work.  

 

2.1 Molecular Beam Epitaxy 

 

To date, mainstream experimental setups used to grow monocrystalline III-V thin-

films are mainly metalorganic chemical vapor deposition (MOCVD) and molecular beam 

epitaxy (MBE). Both of these methods can be used to grow a quality-controlled epitaxial 

thin films of III–V semiconductors with high precision in thickness, composition and 

doping. While MOCVD growth is based on chemical reactions of organometallic 

compounds with a high deposition rate, MBE uses direct physical deposition from metal 

precursors and/or active gases with no carrier gases being used and a low deposition rate. 

Thus, while MOCVD is preferred for growing faster III-V epilayers on large scale wafers 

(up to 12 inches), MBE results in ultra-pure, homogeneous monocrystalline films with 

highly tunable thicknesses and compositions but usually on smaller wafers (typically up 

to 4 inches). 

 

Solid Source MBE (SSMBE) is the technique to synthesize thin-film crystals, where the 

feedstock ultrapure materials (Ga, P and As in this work) are heated and evaporated from 

effusion cells towards the substrate (Si in this work) in Ultra-High Vacuum conditions 

(see Figure 2. 1) A detailed description of the experimental setup used in this thesis is 

presented elsewhere. [63] The evaporated molecules or atoms flow towards the substrate 

starting nucleation and subsequently the epitaxial growth. Due to their low vapor 

pressure, group-III atoms have a near-to-unity sticking coefficient, and consequently 

govern the III-V growth rate. As a consequence, the accurate control of III-III-V alloys 

compositions is usually assumed to be easier than the ones of III-V-V alloys, as group-V 

atoms do not permanently stick to the surface at growth temperature. It is commonly 

accepted that the epitaxial process is mainly governed by the mobility and diffusion length 
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of group-III atoms at the sample surface, which is strongly impacted by the growth 

temperature Tg and the V/III flux ratio. These are the two most important parameters in 

MBE. 

 

In my thesis, most of the samples studied are made of 1 μm-thick GaP1-xAsx alloys with 

different As contents, x(As), grown on a 350-μm thick Si substrate in a RIBER compact 

21 solid source MBE reactor. The growth of the thin-films is monitored in-situ by the 

Reflection High-Energy Electron Diffraction (RHEED) system and fluorescent screen 

which are inserted in the MBE reactor as illustrated in Figure 2. 1 

 

 

Figure 2. 1 Schematic illustration of the MBE growth chamber 

 

Before the epitaxial growth of GaP1-xAsx layer, the Si substrate was cleaned with HF 1% 

solution for 90 seconds, followed by ultraviolet-ozone (UV-O3) surface treatment for 5 

minutes. The process is repeated 2 more times with overall cleaning time in HF (1%) of 

180 seconds and UV-O3 treatment for 15 minutes. The cleaned Si substrate was directly 

transferred to the RIBER compact 21 epitaxial chamber and heated up to 800oC for ten 

minutes for dehydrogenation and cooled down to the GaP1-xAsx layer growth temperature 

(cca. 500oC). The group-III element (Ga) is generated from a conventional Knudsen 

effusion cell containing pure metallic source. While the elements of group-V (P, As) are 

released in the form of tetramers (P4, As4) from thermal evaporation cell and subsequently 

cracked by the valved-cracker into P2 and As2 molecules. During the epitaxial growth the 
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group-III and group-V atoms are supplied simultaneously. The samples grown in this 

thesis were not intentionally doped [61,65]. The characterization techniques I used to 

investigate the as-grown thin-film materials are presented in the following. 

 

2.2 X-ray diffraction 

 

X-ray diffraction (XRD) is a non-destructive technique used to characterize the 

crystal structure qualitatively and quantitatively. XRD is done by irradiating a sample 

with a monochromatic X-ray irradiation (at a wavelength (λ)) and by measuring the 

intensities and diffraction angles of the X-rays that are scattered by the sample. The 

technique provides information related to the crystal structure of the sample, such as the 

lattice constant, the crystallinity, the stress relaxation status, or the presence of crystal 

defects.  

 

In this thesis, XRD is particularly used to characterize the structural quality, elemental 

composition and relaxation rate of GaP1-xAsx alloys epitaxially grown on Si substrate by 

measuring ω/2θ and reciprocal space maps (RSM) around different Bragg peaks using X-

ray Smartlab Rigaku diffractometer (sealed tube Cu source). A parabolic multilayer 

mirror and a 2 bounce Ge (220) monochromator are used for beam definition and 

monochromatization. The detection is ensured by using a Hypixis 3000 detector working 

either in 1D mode for reciprocal space maps (RSM) or 0D mode for line scans. The Bragg 

equation (n λ = 2 dhkl sinθ) is the basis to understand XRD (Figure 2. 2 (a)), where the 

dhkl is the spacing between a particular set of planes with (hkl) being the Miller indices, 

the θ is the angle of incidence at which a diffraction peak is measured, and n is an integer 

that represents the 'harmonic order' of the diffraction. A typical XRD ω-2θ scan recorded 

around the (004) diffraction peak for a GaP1-xAsx alloy grown on a Si substrate, with 

x(As) = 0.5 is represented in Figure 2. 2 (b). The lattice constant of the epilayer (asample) 

can be obtained from the corresponding value of 2θ at which a maximum of intensity is 

observed, using the equation shown below: 

 

 𝑎𝑠𝑎𝑚𝑝𝑙𝑒 =


2 sin 𝜃
√ℎ2 + 𝑘2 + 𝑙2 (2.10) 
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Figure 2. 2 (a) Schematic representation of the XRD technique, (b) XRD profile around the 

(004) Bragg peak for a GaP1-xAsx sample with x(As)=0.5, grown on Si substrate 

 

The lattice constant of the epilayer (asample) can be obtained from the corresponding value 

of 2θ at which a maximum of intensity is observed, using the equation shown below: 

 

 𝑎𝑠𝑎𝑚𝑝𝑙𝑒 =


2 sin 𝜃
√ℎ2 + 𝑘2 + 𝑙2 (2.11) 

 

After measurement of the lattice constant of the epilayer, it is possible to infer the 

approximative value of x(As) in GaP1-xAsx alloy using the Vergard’s law as shown in 

equation below, 

 

 𝑥(𝐴𝑠) =
𝑎𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑎𝐺𝑎𝑃

𝑎𝐺𝑎𝐴𝑠 − 𝑎𝐺𝑎𝑃
 (2.12) 

 

Based on the lattice constants of GaP (𝑎𝐺𝑎𝑃) and GaAs (𝑎𝐺𝑎As) from the literature, the 

calculated x(As) for the studied sample here is 50%. However, this simple view is only 

valid for perfectly plastically relaxed epilayers, without taking into account stress of the 

strain. The precise value of the lattice constant and thus of the composition x(As) in a 

GaP1-xAsx alloy strongly depends on the strain state of the epilayer which is usually 

unknown or uncertain in the case of thick (>50nm) and metamorphic layers. Therefore, it 

is crucial to determine the plastic relaxation rate, R (%), of the epilayer. In order to 

calculate R (%), reciprocal space mappings (RSM) around (224), (-224) and (004) 
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reflections can be performed. [64,104] Figure 2. 3 shows the RSM around the (224) 

Bragg peak for the same GaPAs/Si sample, where in-plane and out-of-plane lattice 

constants [64] can be deduced from the equations shown below:  

 

 𝑎𝐿
//

= 𝑎𝑠𝑢𝑏

𝑆𝑠𝑢𝑏
//

𝑆𝐿
//

 (2.13) 

 

 𝑎𝐿
⊥ = 𝑎𝑠𝑢𝑏

𝑆𝑠𝑢𝑏
⊥

𝑆𝐿
⊥

 (2.14) 

 

where 𝑎𝐿
//

 (parallel, in-plane) and 𝑎𝐿
⊥ (perpendicular, out-of-plane) are the lattice 

constants of the epitaxial layer, 𝑎𝑠𝑢𝑏 is the lattice constant of the Si substrate, and the 

𝑆𝐿
//

, 𝑆𝐿
⊥, 𝑆𝑠𝑢𝑏

//
and 𝑆𝑠𝑢𝑏

⊥  are the positions in the reciprocal space coordinates of the observed 

intensity maxima corresponding to the layer (L) and the substrate (sub) diffraction spots 

in the RSM in the directions parallel (corresponding to Sx) and perpendicular 

(corresponding to Sz) to the surface. [64,104]. The corresponding free of strain cubic 

lattice constant of the GaPAs epilayer (𝑎𝐿
𝑓𝑟𝑒𝑒 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑛

) is then given by: 

 

 𝑎𝐿
𝑓𝑟𝑒𝑒 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑛

=
𝑎𝐿
⊥ − 𝛼𝑎𝐿

//

1 − 𝛼
 (2.15) 

 

where 𝛼 =
𝑒𝑧𝑧

𝑒𝑥𝑥
= −2

𝐶12

𝐶11
 and 𝐶12,𝐶11 are the X-ray elastic constants of GaAs. The R (%) 

can now be determined from the RSM, using the equation below: 

 

 𝑅 (%) =
𝑎𝐿

//
− 𝑎𝑠𝑢𝑏

𝑎𝐿
𝑓𝑟𝑒𝑒 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑛

− 𝑎𝑠𝑢𝑏

∗ 100 (2.16) 

 

Consequently, when the epilayer is fully plastically relaxed, 𝑎𝐿
//

= 𝑎𝐿
𝑓𝑟𝑒𝑒 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑛

→

𝑅(%) = 100, while when it remains pseudomorphic (strained), R (%) = 0, as illustrated 

in Figure 2. 3 assuming no rotation and no shear strain. The full relaxation line (black 

dashed line), which goes through the center of the RSM peak of Si and the origin point 

(Sz=Sx=0) is plotted together in the RSM plot (Figure 2. 3).  
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Figure 2. 3 RSM around the (224) Bragg peak for the GaP0.5As0.5/Si sample (Sx and Sz are the 

projected coordinates in the right-handed Cartesian representation, with z axis parallel to the 

surface normal). The black (red) dashed lines and corresponding images represent a fully 

plastic relaxation (perfectly strained) line. 

 

The RSM signal corresponding to the maximum intensity diffracted by the epilayer 

appears around the full relaxation line, indicating that the GaPAs alloy is almost fully 

relaxed. Otherwise, when a perfectly strained pseudomorphic epilayer is grown the 

maximum of intensity of the epilayer is vertically aligned on the substrate peak (red 

dashed line). Any intermediate case (between the red and the black lines) would indicate 

a partial relaxation of the crystal. In conclusion, from these measurements, one can 

determine with a good accuracy the compositions and relaxation rates of metamorphic 

epilayers, which give crucial information for further device operation analysis. 

 

2.3 Atomic Force Microscopy 

 

Atomic Force Microscopy (AFM) is a scanning probe microscopy with resolution 

in the order of fractions of nanometers. It is a simple technique to use that can be applied 

on various solid or soft materials to characterize the topography of the sample. AFM 

gathers information by touching the surface with a very sharp tip typically made of Si3N4 

or Si on a deformable cantilever. Depending on the interaction between the sample 

surface and the tip, a small variation in force (Van Der Waals force, capillarity force, 

electrostatic force or magnetic force) can deflect a laser beam reflecting on the cantilever. 

The deflection is measured with diode sensors, and converted into information on the 

surface morphology, to build the 2D image of the sample surface. A standard AFM 
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apparatus consisting of an optical system with a laser source (illuminating the extreme 

edge of the cantilever) reflected toward the quadrant photodiode detector that records the 

cantilever’s spatial variation is illustrated in Figure 2. 4 (a). The sample is placed on a 

cylindrical piezoelectric stage which allows the sample to move in x, y axis to scan all 

the required area and z axis to keep the tip and surface interaction force (referred as the 

set point) constant. 

 

 

Figure 2. 4 (a) Operating principle of AFM, adapted from [105] and (b) Veeco di Innova AFM 

setup of the FOTON institute at INSA Rennes 

 

In my thesis the surface of the MBE-grown samples were characterized using an 

AFM 2007 Veeco di Innova experimental setup presented in Figure 2. 4 (b) allowing 

producing 100×100 μm2 images with a lateral resolution of 15 nm and a vertical 

resolution of 0.2 nm in standard conditions. The measurements were performed in two 

working modes: 1) contact and 2) tapping mode. In the contact mode, the interactive force 

between the tip and the sample is repulsive. The tip scans the sample surface maintaining 

the cantilever’s vertical deviation (Z) at a constant level. The piezoelectric stage is moved 

accordingly to maintain the tip/sample interaction force constant by tuning the set-point. 

The tapping mode uses both attractive and repulsive forces alternatively. The cantilever 

vibrates at high frequency and therefore, the signal detected at the photodiodes alternates 

as well. The amplitude of the vibration is sensitive to the force between the tip and the 

sample surface, which changes with the distance between them. As compared to the 

contact mode, the tapping mode is preferred for soft surfaces or when one wants to 

prevent tip damaging, as the tip is not in direct contact with the surface. 
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2.4 Spectroscopic Ellipsometry 

 

Spectroscopic ellipsometry is a non-destructive optical technique mainly used to 

determine optical constants and thickness of thin films, bi (or multilayered) samples.  This 

technique is based on the change in the polarization state of light as it is reflected at a 

particular incidence angle (~70° for group III-V or IV semiconductors) from the studied 

sample. The technique has the advantage of being able to get information even on very 

thin layers, such as native oxides at the surface of materials (from few angstroms to 

several tens of microns). In this thesis, a Horiba UVISEL 2 spectroscopic ellipsometer is 

used to characterize the optical constants (n,k), absorption coefficients (α), thickness and 

roughness of GaP1-xAsx alloys epitaxially grown on Si substrate.  

 

Spectroscopic ellipsometry uses a model-based approach [106,107] to determine the 

above-mentioned parameters deduced from the measurement of ψ and Δ. Both of these 

quantities describe the output of elliptical polarization state after linearly polarized light 

is reflected by the sample. Through the well-known ellipsometry formula, the polarization 

change can be described by an amplitude ratio (tan Ψ) and a phase difference (Δ): 

 

 
𝑟𝑝

𝑟𝑠
= tan 𝛹. 𝑒𝑥𝑝{𝑖∆} (2.17) 

 

where, the rp and rs are respectively the complex Fresnel reflection coefficient for p and 

s polarization. Usually, other variables, i.e., typical Is and Ic parameters as a function of 

the photon energy (eV) can be used to display a measurement in ellipsometry. They derive 

from Ψ and Δ through the following relations: 

 

 Is = sin(2).sin()                    Ic= sin(2).cos() (2.18) - (2.19) 

 

Thus, Is and Ic parameters are then comprised between -1 and 1 and can be fitted as shown 

in Figure 2. 5 (a) by using a dispersion model including adjustable parameters where n 

and k are linked together through Kramers-Kronig relations. In our case, a simple but 

robust Tauc-Lorentz model with two oscillators has been used to achieve a good 

agreement between the measurements and the model. 
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Figure 2. 5 (a) Raw data IS (blue) and IC (red) are fitted with a Tauc-Lorentz model with 2 

oscillators (black), (b) Absorption coefficient deduced from the imaginary part of the refractive 

index (k). The stacking layers model used to describe the metamorphic III-V epilayers grown 

on Si substrate is illustrated in the inset 

 

As the samples studied in this thesis have a root-mean-square (rms) roughness of around 

10 nm, a third layer containing a mixture of epilayer and void is applied to account for 

the sample roughness (inset of Figure 2. 5 (b)). Following a successful fit of the raw data, 

the complex refractive index with the real (n) and imaginary (k) parts, thickness and 

roughness of the different layers can be extracted as an output of the fit. Figure 2. 5 (b) 

shows the absorption coefficient (α in cm-1) deduced from the imaginary refractive index 

(k) with the following relationship: 

 

 𝛼 =
4𝜋𝑘

𝜆
 (2.20) 

 

where λ is the photon wavelength in cm 

 

2.5 Photoelectrode preparation 

 

Photoelectrodes from the epitaxial GaP1-xAsx/Si samples and the commercial GaP, 

GaAs wafers were prepared by cleaning the sample in the ultrasound cleaner for 10s and 

subsequently dried with N2 gas. The backside was slightly scratched and Gallium-Indium 

eutectic (99.99%, Alfa Aesar) and silver paste (Electron Microscopy Sciences) were 

applied to make an ohmic contact (Figure 2. 6 (a)). The geometric surface area was 

defined using an epoxy resin (EA 3423, Henkel from Loctite) covering the backside and 
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the edges of the photoelectrode as shown in Figure 2. 6 (b). The surface area was 

systematically evaluated for each individual electrode using ImageJ software where the 

area of interest is selected manually from the photo with a calibration grid. Note that the 

rough estimation of the electrode surface in this work, may impact the values obtained 

for the current densities, which are consequently given with a ~10% uncertainty. 

 

 

Figure 2. 6 (a) Thin-film sample and low-resistance wire back contact and (b) as-prepared 

photoelectrode with the surface area selected in orange line 

 

2.6 Technical aspects of water splitting and PEC 

characterization 

 

2.6.1 Thermodynamics, stability and energy diagrams 

 

Although the dissociation of water offers a convenient way to produce carbon-free H2, the 

energy required by the process is approximately 4 times larger than the energy required 

for the production of H2 by conventional steam reforming of methane (excluding the heat 

of methane combustion). [3] A minimum total Gibbs free energy of 237.2 kJ per mol of 

H2 is needed for the production of H2 by water dissociation in standard conditions 

(temperature = 293 K and pressure = 1 atm). It also requires an additional energy of 48.7 

kJ/mol to account for the entropy variation of the reaction (T∆S°). [108] The energy 

balance of the stoichiometric water splitting reaction e is summarized below in Figure 2. 

7. The Gibbs free energy change ∆G°water can be expressed from the Nernst equation, in 

terms of number of electrons transferred to the reaction (n) multiplied by the Faraday 
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constant (F) and change in standard electrochemical potential (Eo = Eo
reduction – Eo

oxidation) 

as shown below: 

 

 ∆𝐺𝐻2𝑂
𝑜 = −𝑛𝐹𝐸𝑜 (2.21) 

 

Standard electrochemical potential (Eo) in standard temperature and pressure 

conditions is mostly used in electrochemistry rather than ∆G°water as it allows to define a 

relative energy scale to compare the change in free energy for different electrochemical 

reactions. 

 

 

Figure 2. 7 Stoichiometric products of water splitting reaction with the corresponding energy 

balance 

 

The water splitting reaction includes two half reactions: oxygen evolution reaction (OER) 

and hydrogen evolution reaction (HER) occurring in acidic conditions (pH = 0). For these 

two reactions, Eo can be written as follows, 

 

2𝐻2𝑂(𝑎𝑞) + 4ℎ 
+ +  4𝑒− ⇌ 2𝐻2 (𝑔) + 𝑂2 (𝑔) 𝐸𝑜 = −1.23 𝑉 𝑣𝑠 𝑁𝐻𝐸 (2.22) 

𝑶𝑬𝑹: 2𝐻2𝑂(𝑎𝑞) + 4ℎ 
+ ⇌ 𝑂2 (𝑔) + 4𝐻+ 𝐸𝑜

𝐻2𝑂/𝑂2
= 1.23 𝑉𝑣𝑠 𝑁𝐻𝐸 (2.23) 

𝑯𝑬𝑹: 4𝐻 
+ + 4𝑒− ⇌ 2𝐻2 (𝑔) 𝐸𝐻+/𝐻2

𝑜 = 0 𝑉 𝑣𝑠 𝑁𝐻𝐸 (2.24) 

 

In this case, Eo for both OER and HER reactions are defined relatively to the normal 

hydrogen electrode (NHE). The NHE is a reference electrode based on the hydrogen half-

cell reaction, constructed by immersing a platinum electrode in an acidic solution (pH = 

0, solution of 1N normal concentration, for protons, 1N = 1M). The Eo for the overall 

water splitting reaction is negative, thus reaction is not spontaneous but rather demands 

energy to be completed. The pH of the solution can shift the potential energy for water 

splitting, as the decomposition of water is kinetically related to the concentration of 
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protons (H+) and hydroxyl ions (OH-). The pH dependency with the Nernstian relation 

for water OER (2.23) and HER (2.24) can be written as follows, 

 

 𝐸𝐻+/𝐻2
= 𝐸𝐻+/𝐻2

𝑜 − 0.059 ∗ 𝑝𝐻 (2.25) 

 𝐸𝐻2𝑂/𝑂2
= 𝐸𝑜

𝐻2𝑂/𝑂2
− 0.059 ∗ 𝑝𝐻 (2.26) 

 

The values of thermodynamic water oxidation and reduction potentials are dependent on 

the electrolyte pH following a Nernstian equation, shifting with a value of -59 mV per pH 

unit. This variation can be observed in the simplified Pourbaix diagram of water shown 

in Figure 2. 8 (a). Water is thermodynamically stable between the blue and orange lines 

corresponding to water OER and HER, respectively.  

 

Figure 2. 8 (a) Evolution with the pH of the electrochemical potential for water oxidation 

(blue), reduction (orange), (b-c) with the corresponding semiconductor photoelectrode energy 

bands at pH~0. Thermodynamically stable region for H2O is indicated between the blue and 

orange lines. Adapted from ref [49]. 

Considering all the external energy that have to be added to the system in order to split 

water molecules into gaseous H2 and O2, the process is taking place at higher energies 
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than the Gibbs formation energy of water (∆G°water) which is equivalent to 237.2 kJ/mol 

or 2.46 eV/molecule of H2O. (Since two electrons are used per molecule of H2O, it 

corresponds to 1.23 eV per electron). [108] An additional energy, referred to as 

overpotential (η), is required to overcome the activation energy barriers and ohmic losses 

in order to successfully split water molecules. For instance, commercial water splitting 

systems typically operate at a cell voltage of 1.8 – 2 V. [30] 

 

In this thesis, the photoelectrodes made of GaP1-xAsx alloys epitaxially grown on 

Si substrates were studied for photoelectrochemical water splitting (chapter 1) rather than 

for electrochemical water splitting, but keeping similar technical aspects. The only 

difference is that the required energy has to be provided by the sun, resulting in a 

minimum theoretical photovoltage (Vph) of 1.23 V in the semiconductor photoelectrode. 

Figure 2. 8 (b-c) illustrates the relative position of energy bands (EC and EV), Vph for the 

photoanode (OER) and for the photocathode (HER).  

 

It was already mentioned previously that the positions of the energy bands (EC and EV) 

relatively to the water redox potentials (OER/HER) is of great importance and 

significantly impacted by the change in pH of the electrolyte. [110,111] For instance, the 

energy bands as well as the Fermi level (EF) for an n-doped (1018 cm-3) GaAs material 

are expected to shift by ~55 mV vs NHE per unit of pH (when the impact of surface states, 

and surface reactions are neglected). [110] As a result, band-alignment between the 

semiconductor and electrolyte changes, as the Fermi levels of both semiconductor (EF) 

and electrolyte (EF,redox) are impacted by the pH of the solution. However, the use of one 

Fermi level for the electrolyte (EF,redox) that has multiple redox potentials (i.e., HER: 

H+/H2 , OER: H2O/O2, etc) and different concentration of active species is a subject of 

controversy. Nevertheless, EF,redox depends on redox potentials of the different active 

species in the solution and their concentration, the interaction between them as well as 

solvation energies. The precise value of EF,redox is not yet given in the literature due to the 

difficulty of calculations. Below, Figure 2. 9 illustrates the change in the position of 

energy bands and water HER/OER potentials for two different cases (pH = 0 and 14). 
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Figure 2. 9 Energy band levels of GaAs relatively to the water HER/OER potentials in eV (vs. 

Vacuum) and V (vs. NHE) at pH=0 (blue) and pH=14 (red). Adapted from [110,112] The 

equation in the inset represents the relation between eV vs. Vacuum and V vs. NHE  

 

In electrochemistry the energy levels of oxidation-reduction reactions (including 

water splitting) are reported in terms of electrochemical potentials vs. the standard 

hydrogen electrode (SHE) or NHE. In solid state physics the semiconductor band energy 

levels are generally represented in absolute scale (eV vs. vacuum scale). In order to be 

able to discuss the band-alignment between the semiconductor energy bands and water 

redox potentials, these energy scales are linked through the absolute vacuum scale with a 

correspondence between -4.48 eV [113] on the vacuum scale and the “zero volt” reference 

in NHE. As a result, the absolute energy scale (eV vs. Vacuum) can be transformed into 

NHE or vice-versa using the relation indicated in the inset of Figure 2. 9 

 

2.6.2 Description of the PEC setup 

 

To investigate PEC properties of the photoelectrodes studied in this work, a 

laboratory scale three-electrode PEC experimental setup was used (as shown in Figure 

2. 10 (a)). It is composed of a working electrode (WE) which is the photoelectrode to be 

studied, a reference electrode (RE) and a counter electrode (CE), all connected to the 

external potentiostat.  
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Figure 2. 10 (a) laboratory scale standard PEC cell, with (b) schematic illustration of the 3-

electrode configuration operating at oxidation reaction with an n-type semiconductor as a 

photoanode, (c) PEC cell developed in Institut FOTON in this thesis (d) during the PEC 

experiment under red light (656 nm) illumination. 

 

The illumination of the photoelectrode is realized using a solar simulator AM 1.5G with 

the power density of 100 mW/cm2
 (referred often as 1-sun). [114] Here, I will describe 

the PEC cell with each electrode individually in details as it is the most prevalent 

experimental tool used to characterize PEC properties of the samples in this work. 

 

2.6.2-a Working electrode (WE) and counter electrode (CE) 

 

Photoelectrodes on which the reaction of interest occurs, are referred as working 

electrodes (WE). Especially, photoanodes or photocathodes can be considered for the 

electrochemical oxidation and reduction reactions, respectively. The counter electrode 

(CE) acts as a charge collector, and takes up electrons or holes if the WE is performing 

oxidation or reduction reaction, respectively. The electric current (ampere, A) generated 

during the electrochemical reaction is measured between the WE and the CE which are 

both connected to the potentiostat (Figure 2. 10 (b)). 

 

2.6.2-b Reference electrode (RE) 

 

The electrochemical potential of the electrode is measured relatively to the 

reference electrode. Therefore, an additional third electrode is required in order to study 

the influence of the external applied bias potential (Vbias) on the performance of the WE. 

Practically, the potential of a photoelectrode is measured with respect to another electrode 
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that has a constant and stable potential. Introducing a reference electrode (RE) in the cell 

thus allows measuring precisely the potential of the WE performing oxidation or 

reduction reactions. One might refer to the measurement of the potential difference 

between WE and CE using a conventional multimeter. However the voltage difference 

measured in this case is dependent on the overall cell current that could lead to some 

experimental errors. [43,115] The advantage of using a RE is that the potential difference 

between the WE and the RE is independent on the current flow. There are several types 

of REs, the choice of which depends on the nature of the used electrolyte and pH. 

Although the normal hydrogen electrode (NHE: H+/H2), saturated calomel (SCE: 

Hg/Hg2Cl2) and silver chloride (Ag/AgCl) REs are widely used in most experimental 

setups, [116] recent literature has reported on the advantages of using the virtual 

reversible hydrogen electrode (RHE) scale to alleviate the influence of the pH and to 

avoid confusion in the interpretation of measurements. The virtual RHE electrode scale 

takes into account the pH of the solution in relation to the reference potential applied in 

the reaction. Conversion of the experimentally used RE such as NHE, SCE and silver 

chloride electrode to the RHE scale is done as follows: 

 

 𝐸𝑅𝐻𝐸 = 𝐸𝑁𝐻𝐸 + 0.059 ∗ 𝑝𝐻 → 𝐸𝑅𝐻𝐸 = 𝐸𝑁𝐻𝐸  𝑎𝑡 𝑝𝐻 = 0 (2.27) 

 𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐶𝐸 + 0.059 ∗ 𝑝𝐻 + 𝐸𝑆𝐶𝐸
𝑜 (0.241) (2.28) 

 𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 ∗ 𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
𝑜 (0.197) (2.29) 

 

Initially, the PEC setup from Institut des Sciences Chimiques de Rennes (ISCR) 

consisting of a solar simulator AM 1.5G with 1-sun illumination intensity (100 mW/cm2) 

and Zahner potentiostat were used in collaboration to perform PEC measurements on the 

first studied samples. During the second year of my thesis, we developed a PEC setup in 

Institut FOTON which is dedicated to PEC experiments under monochromatic light 

excitation with lasers of different wavelength. In this thesis, the PEC measurements under 

1-sun illumination were conducted with the PEC setup of ISCR, whereas the PEC 

measurements under monochromatic light were performed using the PEC cell developed 

in Institut FOTON. For both setups the same PEC cell (developed in this thesis) was used. 

It consists in a working electrode (WE) being the photoanode of interest, an Ag/AgCl in 

saturated NaCl solution reference electrode (RE) and a graphite rod counter electrode 

(CE). Figure 2. 10 (c-d) displays the PEC cell developed during this thesis with all 
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electrodes assembled and connected to the potentiostat operating under red light 

illumination (656 nm). The set of PEC measurements performed for the samples studied 

in this thesis is described below. 

 

2.6.2 Linear sweep voltammetry 

 

Linear sweep voltammetry (LSV) is a voltametric method where the current at the 

photoelectrode is measured while sweeping the voltage at the RE linearly with time. 

Generally, the LSV is measured in three different conditions: with light, in dark and 

alternated light (on-off). The resulted current under light illumination is called 

photocurrent and usually normalized with photoelectrode active surface area. Thereafter, 

the photocurrent becomes a photocurrent density (j) and the LSV measurement is further 

referred as “j-V”. The result of the measurement is plotted as j-V plots with y-axis 

expressed in (mA/cm2) and x-axis in (volt vs RHE) which is calculated from the as-

measured voltage with the RE (Ag/AgCl) using the equation (2.29). The value of j is very 

important as it is related directly to the photon-to-electron conversion efficiency of the 

material and the ability to extract the photo-generated carriers for contributing to 

oxidation and reduction processes. The materials capable of generating higher j are 

generally targeted for the solar energy harvesting devices. Another important parameter 

that can be extracted from the j-V curves is the onset potential (Vonset) that defines the 

ability of producing high photovoltage (Vph). As a general trend, a photoanode 

(photocathode) having a low (high) Vonset is expected to have a large Vph, which is 

particularly interesting for the un-assisted PEC water splitting, as most of the input energy 

required is produced in this case from solar energy. On the contrary, a large Vonset of a 

photoanode implies usually a small Vph, which is less interesting for un-assisted water 

splitting, as more energy is needed from external bias to enable the PEC operation.  As 

an illustration, Figure 2. 11 shows a typical j-V curve obtained from a photoanode of 

GaP1-xAsx alloy with x(As)=0.8, where a photocurrent of 11.3 mA/cm2 at water oxidation 

potential (1.23 V vs RHE) and a Vonset of 0.38 V vs RHE is measured. 
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Figure 2. 11 Typical j-V curve for a photoanode of GaP1-xAsx alloy with x(As)=0.8, measured 

in 0.2 M H2SO4 (pH = 0.35) under 1-sun illumination 

 

2.6.3 Open-circuit potential and photovoltage 

 

In PEC water splitting, the open-circuit potential (OCP) is the equilibrium 

potential between the electrode and the electrolyte. At OCP in the dark (OCPdark), the 

photoelectrode potential is determined by the equilibrium potential of the redox system 

(in other words, the Fermi level of the electrolyte, Eredox). [35] However, different 

photoelectrode materials show different OCPdark even if the measurement is performed in 

the same electrolyte. This can be attributed to different surface acidity, and surface 

reactions of the semiconductor photoelectrode. [35] Under light, the OCP is determined 

at j = 0 as shown in Figure 2. 12 (a). OCP under illumination provides insights such as 

conductivity type (n or p) and flat-band potential (Vfb). For the n-type semiconductors, 

the OCP under illumination shifts toward negative potentials vs RHE, as compared to the 

dark OCP. The inverse is valid for the p-type semiconductors. [115] Under high 

illumination intensity, the band bending decreases, tends to be flat and it becomes possible 

to estimate the flat-band potential Vfb (see chapter 1). However, high intensity illumination 

may cause a strong photocorrosion and the estimated values in this case might be 

misleading. Figure 2. 12 (a) shows the j - V curve in the dark and light calculated from 

Gartner equation for the illustration of the OCP in the dark, light and Vph which is (OCPdark 

- OCPlight). [35] In addition, the experimental OCP vs Time plot obtained for a bare 

GaAs:n wafer used in this thesis is shown in Figure 2. 12 (b) with corresponding energy 

bands.  
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In literature, the Vph is mainly determined with 1-sun illumination at a given specific 

power density (100 mW/cm2) in order to compare to other research works. In this thesis 

we have performed the Vph measurements in the same three-electrode PEC cell 

experimental setup used for the LSV experiments. As an illumination source we have 

used 1-sun illumination (AM 1.5G) with 100 mW/cm2 

 

Figure 2. 12 (a) j-V curve in the dark and light for illustration of the OCP and Vph adapted 

from [35]; (b) Experimentally measured OCP vs Time measured in the dark and light with the 

corresponding photoelectrode energy bands for GaAs:n wafer used in this thesis. 

 

2.6.4 Flat-band potential 

 

Together with the OCP and the Vph, it is important to determine the flat-band 

potential (Vfb see chapter 1) as this parameter helps to elucidate the band-alignments of a 

semiconductor relatively to water redox potentials. The most common way to estimate 

the Vfb is by measuring the differential capacitance of the electric double layer at the 

semiconductor-electrolyte interface, often referred as Mott-Schottky experiment. [117] 

The measured capacitance of the interfacial double layer (CInterface) mainly includes the 

semiconductor capacitance (CSC) and the Helmholtz layer capacitance in the electrolyte 

(CH) which are connected in series (1/CInterface = 1/CSC + 1/CH). As the potential drop 

occurs mainly in the semiconductor depletion layer, the CSC varies (decreases) with the 

extent of band bending, while CH is expected to remain constant, hence it is often assumed 
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that (CH >> CSC), such that 1/CInterface ≈ 1/CSC. The reciprocal of the square of CSC vs 

applied voltage or potential drop (V) gives Mott-Schottky (MS) plot as shown in Figure 

2. 13 (a). However, in experimental data, Mott-Schottky plots may contain a non-

negligible contribution of CH. For instance, in Figure 2. 13 (b) theoretical values of 1/CSC
2 

are compared with 1/CInterface
2 as a function of the potential drop associated to the 

semiconductor band bending with different doping densities (ND). In this case, 1/CInterface
2
 

has to be corrected by the 1/CH
2

 in order to obtain reliable estimation of Vfb, particularly 

for highly doped semiconductors where the approximation is not valid anymore. In 

practice, even after correction by CH, the perfectly linear MS plot is not always 

guaranteed, due to other factors (surface states, non-uniform doping, defect density, etc) 

that may influence the band bending. 

 

Figure 2. 13 (a) Schematical illustration of the ideal MS plots for the same material doped p-

type and n-type with the corresponding EF, EG and relative positions of energy bands adapted 

from [35]; (b) Theoretical values of 1/CInterface
2 (dashed-line) and 1/CSC

2 (solid-line) as a 

function of semiconductor band bending for the given doping densities (ND) adapted from [44] 

 

From the experimental measurement of the capacitance, the Mott-Schottky equation 

further makes the link between the measured CSC and Vfb as follows: 

 

 
1

𝐶𝑆𝐶
2 =

2

𝑒𝑁𝐷𝐴2ℇ0ℇ𝑟
(𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇

𝑒
) (2.30) 

 

where, 𝜀𝑟 is the relative permittivity of the semiconductor, 𝜀o is the permittivity of 

vacuum, A is the surface area, e is the charge of an electron, 𝑁𝐷 is the free carrier density, 
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k is the Boltzmann constant, T is the temperature and V is the applied potential. The Vfb 

can be extracted from the x-intercept of the 1/CSC
2 (y-axis) of the linear portion of the MS 

plot as shown in Figure 2. 14. The 𝑁𝐷 can be extracted from the slope of the MS plot and 

is generally compared to the known doping of a semiconductor to check the validity of 

the MS measurement. Furthermore, the relative position of the energy bands can be 

determined. N-type semiconductors with the 𝑁𝐷 in the range of 1018 cm-3 usually show a 

negative Vfb that corresponds to EF closer to the CB and thus it can be assumed that Vfb ~ 

ECB. The opposite is observed for the p-type semiconductors (Vfb ~ EVB, for the p-type). 

For the same semiconductor of type n and p, the difference between Vfb gives the band 

gap (EG) of the respective semiconductor (Figure 2. 13 (a)).  

 

 

 

Figure 2. 14 Mott–Schottky plot measured for ZnO in 7 × 10-4 M K3[Fe(CN)6] in 1 M KCl. 

Adapted from [117] 

 

Together with the concept of band bending and Vfb it is possible now to interpret a typical 

experimental j-V curve, i.e., obtained with a n-type GaAs wafer. Figure 2. 15 displays 

the experimental j-V curve of an n-type GaAs photoanode and the corresponding band 

bending situations at different applied positive potential (anodic) for illustration. (i) At a 

negative potential (cathodic) lower than the Vfb, the electron accumulation layer is formed 

at the semiconductor/electrolyte interface and electrons partially can be transferred to the 

electrolyte, subsequently resulting in a cathodic current, without illumination. (ii) While 

the bands are flat at Vfb, no space charge layer is formed to separate light induced charge 
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carriers and thus the resulting current is zero. (iii) Increasing the potential at a value larger 

than Vfb, a space charge layer is formed to separate and transport photo-generated charge 

carriers towards the electrolyte to enable the redox reaction. This results first in a small 

photocurrent, subsequently increasing with the applied potential due to increased spatial 

extent of the depletion layer. (WSC). (iv) The photocurrent saturates when a larger positive 

potential is applied. In this case, all the light-induced charge carriers can reach the 

semiconductor-electrolyte interface, provided that they can diffuse in the semiconducting 

material. In this case photocurrent is limited by the diffusion length of minority carriers 

(Lmin). 

 

Figure 2. 15 (a) Correlation between the experimental j-V curve of an n-type GaAs and (b) 

band diagram model of an n-type semiconductor at different applied potential 

 

2.6.5 Chronoamperometry 

 

Chronoamperometry (CA) is the electroanalytical technique to measure the 

stability or time dependent behavior of the photoelectrode. The general concept of the CA 

is to measure the current of the cell as a function of time. The CA is usually performed in 

the dark (under illumination) to test the electrochemical stability (photoelectrochemical 

stability) under a specific applied voltage. In this case, stability of the photoelectrode can 

be assessed from the change of the photocurrent density over a certain period of time. 

Overall, this gives an idea of the lifetime of the photoelectrode. 
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2.6.6 Incident Photon-to-Current Efficiency 

  

Incident Photon-to-Current Efficiency (IPCE) also known as the Quantum 

Efficiency (QE) is an important metric to establish what is the spectral response of a 

semiconductor photoelectrode. According to its definition, IPCE measures the ratio of 

electron flux, ne(λ) that is generated in the photoelectrode to the overall photon flux, nph(λ) 

that shines on the respective photoelectrode, in a range of wavelengths. The IPCE 

measurement gives an idea of how many charge carriers are generated per incident 

photon, how efficiently they are transported to the space charge region and transferred 

through the interface to the electrolyte. [115] The IPCE is described in the form of 

mathematic equation shown below, 

 

 𝐼𝑃𝐶𝐸(𝜆) =
𝑛𝑒(𝜆)

𝑛𝑝ℎ(𝜆)
=

𝐼(𝜆)

𝑃 ∗ 𝐴
∗

ℎ ∗ 𝑐

𝜆 ∗ 𝑒
 (2.31) 

 

where, I(λ) is the photocurrent at a given wavelength (λ), P is the power density of the 

illumination source, A is the area of the electrode, h is the Planck’s constant, c is the speed 

of light in vacuum and e is the charge of an electron. 

 

In this thesis, the IPCE measurements were performed with a CIMPS-QE IPCE 3 

workstation (Zahner) with a TLS03 light source tunable in the 1.2 - 4.2 eV range (Figure 

2. 16 (a)). The three-electrode PEC cell and potentiostat used were identical to those used 

for the classical j – V characterizations. The applied potential was (0.8 – 1) V vs RHE. 

The input parameters were set as following: the light modulation frequency 1 Hz, the 

settling time 5 s, and the number of counts 25. The final result was provided by Thales 

software in the form of photocurrent efficiency (A W-1) or IPCE (%) as shown in Figure 

2. 16 (b). In order to verify the consistency of the measurements, the integral of the 

photocurrent efficiency (A W-1) together with the AM 1.5G solar spectrum were used to 

obtain the integrated photocurrent density (jintegrated) and then compared with the results 

of the LSV measurement.  
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Figure 2. 16 (a) Schematic representation of IPCE measurement with (b) the measured IPCE 

curve and integrated photocurrent for GaAs:n wafer and (c) PEC cell under different photon 

energy illumination 
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Chapter 3. Dual bandgap operation of GaAs/Si photoelectrode 

 

Building on the promising results in solar water-splitting demonstrated with a 

planar GaPSb thin-film photoanode grown epitaxially on a low-cost Si substrate, [17] I 

study in this chapter the ability to achieve similar results, but with the mainstream GaAs 

semiconductor, known for years in the field of photonics or photovoltaics, monolithically 

integrated on silicon. This chapter presents an in-depth comparison between the 

photoanode performances of a 1-μm thick epitaxial GaAs grown on n-type Si substrate 

and a photoanode made of a commercial GaAs wafer. 

 

3.1 Introduction 

 

Solar water-splitting technology to produce green hydrogen was discussed earlier 

in chapter 1. As a reminder, the ideal photoelectrode material should combine 

simultaneously (i) a large light absorption with solar energy harvesting capabilities over 

the largest solar spectral range, (ii) a bandgap and band lineups appropriate to drive the 

water splitting half-reactions at lower overpotential, (iii) a longer lifetime of operation 

and (iv) low fabrication costs, for instance through the choice of Earth-abundant 

materials. III-V semiconductors show a great potential for solar water splitting due to 

remarkable intrinsic physical properties leading to large light absorption and enhanced 

mobility for charge carriers and efficient charge transfers to the electrolyte, thus leading 

to high photocurrent densities and large solar-to-hydrogen (STH) efficiencies. [10,46] As 

a result, relatively high-efficiency photoelectrodes were achieved with III-V 

semiconductors, as compared to oxide semiconductors or traditional silicon. [30] Despite 

the excellent optoelectronic properties of III-V semiconductors, their poor stability 

(against corrosion) in aqueous electrolytes was pointed out in the pioneering work of 

Khalesev and Turner, showing nevertheless promising photocurrent densities of 10 

mA/cm2 with a Pt/GaInP2/GaAs photoelectrode under 1-sun illumination. [58] This issue 

was recently fixed by application of thin-film materials as protective layers, [9,118,119] 

especially metal-oxide layers as a protection for III-V photoelectrodes. [85,86,88] For 

instance Hu et., successfully demonstrated an n/p+ GaAs-based photoanode operating at 

a photocurrent density of 14.3 mA/cm2 with a stable operation for more than 25 h thanks 

to a TiO2 passivation layer and an optically transparent Ni OER co-catalyst. [85] This 
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proposed passivation method was further confirmed for a GaP1-xSbx photoanode, 

indicating that this approach can be transposed to a large variety of other III-V materials. 

[17] Although photoelectrodes with III-V multi-junctions architectures composed of 

series-associated p-n junctions are complex to fabricate, with multiple doping steps and 

necessary tunnel junctions, they are the best solutions so far to increase the junction 

voltage. Thus, the most of research works dealing with III-V photoelectrodes were carried 

out using commercial binary III-V substrates, [10]. The development of these III-V 

technologies occurs at the expense of high substrate and fabrication costs and 

sustainability issues with the use of toxic materials or critical resources for their 

production. [120] 

 

The reduction of the fabrication cost motivated the development of III-V thin films 

or nanostructures photoelectrodes on Si. [82,99,101,121] Recently, planar III-V nitrides 

photoelectrodes on silicon substrate were employed by Nötzel et al., who reported a 

photocurrent density of 13.6 mA/cm2 at 1.23 V vs RHE, which was further improved by 

using surface quantum dots activated structures. [19] Simultaneously, the first planar 

Zinc-Blende III-V photoelectrode grown on a silicon substrate was demonstrated by our 

laboratory, by using a GaPSb alloy, producing a photocurrent density of 10 mA/cm2 at 

1.23 V vs RHE. [17] This work was further extended to other III-V/Si materials systems, 

i.e., GaP and GaAsP alloy grown on Si with the measured photocurrent density equals to 

1.0 and 11.3 mA/cm2, respectively. [18] But still, in these various demonstrations, the Si 

substrate was considered as a starting template for further photo-active III-V material 

regrowth, which performances are usually governed by the crystal defects density 

generated during III-V/Si heteroepitaxy. [18] Despite the advantages of using the III-V/Si 

association as a dual-bandgap architecture highlighted in reference [101], the spectral 

contribution of the Si substrate itself to the photoresponse of a planar III-V/Si 

photoelectrode has never been reported so far. 

 

From this perspective, in the following sections will be given the details of 

material growth, photoelectrode elaboration, characterization methods and discussion of 

results. The wide-range potential of the epitaxial GaAs/Si thin-film photoelectrode is 

specifically assessed based on structural, optical, photoelectrochemical characterizations 

and compared to a reference n-doped commercial GaAs wafer. Experimentally measured 
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photocurrent density is relatively analyzed to the theoretically calculated one using the 

absorption coefficient of the sample and spectral photon flux density of the solar spectrum 

AM 1.5G. [114,115] Additionally, photoelectrochemical characterization under tunable 

monochromatic light source is used to investigate the large photocurrent measured with 

a GaAs/Si photoanode. The interest of using such a simple dual-bandgap architecture as 

a single photoelectrode is finally discussed. In this chapter, the “Dual-bandgap” simply 

refers to the association of two different materials with two different bandgaps, and “dual 

bandgap operation” means that the carriers photo-generated in both materials (the GaAs 

epilayer and the Si substrate) can contribute to the electro-chemical redox reaction. 

 

3.2 Material growth and photoelectrode elaboration 

 

For this study, a 1-μm thick GaAs thin film was grown in a bi-domain 

configuration (i.e., with emerging antiphase boundaries as described in reference [18]) by 

Molecular Beam Epitaxy (MBE) on a HF-chemically prepared Si substrate [001] (n-type, 

Ph-doped 5x1014-15 cm-3, with a thickness of 350 μm) misoriented by 60 off toward [110] 

direction. The substrate was heated at 800oC for 10 min to desorb hydrogen. Following 

the preparation of the 350 µm-thick Si substrate, 1 μm-thick GaAs layer was epitaxially 

grown at 500oC with a growth rate of 0.24 ML/s in a conventional continuous MBE 

growth mode. Beam Equivalent Pressure V/III ratio was set to 7.36. It should be noted 

that the GaAs epilayer was non intentionally doped (nid), and epitaxial strategies to 

annihilate antiphase boundaries (APBs) were not used leading to emerging APBs. [18,61] 

In addition, a homoepitaxial nid GaAs (1 μm) was grown on an n-doped GaAs [100] (350 

μm) for comparison of photoelectrochemical properties. A commercial n-doped GaAs 

wafer [100] (350 μm in thickness) was used as reference material to compare the 

structural and optical properties as well as photoelectrochemical performances. 

 

After the growth of a 1-μm thick GaAs thin-film on Si substrate (GaAs/Si), and 

on GaAs substrate (GaAs/GaAs), the photoanodes (PA) of GaAs/Si, GaAs/GaAs samples 

and the GaAs wafer were prepared by cleaning the sample in the ultrasound cleaner for 

10 s and subsequently dried with N2 gas. The backside was slightly scratched and metallic 

contact was made using Gallium-Indium eutectic, silver paste and conductive wire 
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(chapter 2). The geometric surface area was defined using an epoxy resin covering the 

backside and the edges of the PA (Figure 2. 6) and calculated using ImageJ software. 

 

3.3 Structural characterization of GaAs/Si and GaAs wafer 

 

The structural characterization of the epitaxially grown GaAs (1 μm)/Si:n and the 

reference GaAs:n wafer (350 μm) was first carried out using X-Ray Diffraction  in the 

conventional ω/2θ mode. Figure 3. 1 (a) shows XRD ω/2θ scans performed in the vicinity 

of Si (004). A thin Bragg peak is first observed at 69.13° for the GaAs/Si sample, 

corresponding to the Si substrate. A well-defined Bragg peak is also observed at a 2θ 

angle (66.02°) for the epitaxial GaAs/Si, very near from the position of the commercial 

GaAs wafer peak (66.06°), both giving a mean lattice constant of 0.565 ± 0.002 nm 

corresponding to the lattice constant of the bulk GaAs. [89] However, the Bragg peak for 

the 350 μm GaAs wafer Bragg peak appears narrow with an integral breadth (IB) of 

0.018°, comparable to the Si one and resolution-limited. In contrast, the Bragg peak 

associated to the 1 μm GaAs epitaxial layer (IB of 0.294°) is much broader than what is 

expected for a good quality layer with the same thickness (expected IB of 0.043°). The 

strain relaxation rate was inferred from the space reciprocal maps (RSM) shown in Figure 

3. 1 (b-d) around the (004), (224) and (-224) directions, giving a mean R of 97±2 % (R = 

100%, indicates a fully plastically relaxation while R = 0% fully strained structure). 

 

From the Bragg peak position in conventional ω/2θ scan and reciprocal space mappings 

it is clear that (i) the GaAs grown on the Si substrate is almost fully relaxed (and 

consequently its intrinsic physical properties can be compared directly to the bare GaAs 

wafer) and that (ii) GaAs/Si has a large density of crystal defects (induced by the 

relaxation process or the polar-on-non-polar epitaxy), namely micro-twins, misfit 

dislocations and antiphase boundaries. [61,122] These crystal defects are expected in bi-

domain and mismatched III-V/Si samples when no strategies are used to bury or 

annihilate them. [65,66] 
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Figure 3. 1. (a) XRD ω/2θ scan performed in the vicinity of Si (004) with the Bragg peaks of 

the epitaxial GaAs (1 μm)/Si sample (red) and the GaAs (350 μm) wafer (blue); reciprocal 

space mappings around (b) 004, (c) 224 and (d) -224 showing the Si substrate and the epilayer. 

Black (red) dashed line corresponds to a fully plastically relaxation (fully strained) line 

 

To further investigate the sample morphology, tapping mode atomic force 

microscopy (AFM) and scanning electron microscopy (SEM) were performed. The 10 x 

10 μm² AFM image of the GaAs/Si sample is given in Figure 3. 2 (a). An AFM image at 

the same scale for the GaAs wafer is given for comparison in Figure 3. 2 (b). Epitaxial 

GaAs/Si sample surface reveals a root-mean-square (rms) roughness of 9.2 nm, higher 

than the one measured for the GaAs wafer (0.7 nm). This roughness is not really 

surprising and has to be related to the presence of numerous crystal defects in the GaAs 

epilayer grown on Si. [65] Figure 3. 2 (c-d) shows the tilted-top and side view SEM 

images for the epitaxial GaAs/Si sample. The Si substrate and the 1-μm thick GaAs 

epilayer can be easily distinguished from the two different contrasts of the side view SEM 

image. Roughness of the epitaxial GaAs/Si sample surface is thus confirmed over a scale 

larger than the AFM one. 
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Figure 3. 2 (a) AFM image of the GaAs/Si sample and (b) of the commercial GaAs wafer 

morphology with a rms roughness of 9.2 nm and 0.7 nm, respectively; (c-d) Tilted top and side 

view SEM images of the GaAs/Si sample. 

 

3.4 Characterization of optical properties 

 

3.4.1 Light absorption coefficient (α) with spectroscopic ellipsometry  

 

Optical properties of the epitaxial 1 μm-thick GaAs epilayer grown on Si substrate 

(GaAs/Si) were studied with A Horiba UVISEL 2 spectroscopic ellipsometer. The optical 

constants were measured at room temperature in the photon energy range of 0.6 – 4.2 eV 

and subsequently fitted with Tauc-Lorentz with 2 oscillators model in order to calculate 

thickness, roughness and absorption coefficient of the chemically mechanically polished 

(CMP) GaAs/Si sample. Figure 3. 3 (a) shows the experimental ellipsometry spectra for 

CMP-GaAs/Si, where the variation of the Is (green) and Ic (orange) parameters as a 

function of the photon energy is plotted. The black lines correspond to the fitting curves 

obtained after adjusting the parameters of the Tauc-Lorentz 2 model. After fitting the raw 

data, the complex refractive indexes with the real (n) and imaginary (k) parts were 

extracted and plotted in Figure 3. 3 (b). 
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Figure 3. 3 (a) Is (green) and Ic (orange) ellipsometry parameters and fitting curves with 

Tauc-Lorentz 2 model (black); (b) optical constants n (real part) and k (imaginary part) 

extracted from the fitting data for the GaAs/Si sample. 

 

The extracted values for the thickness (roughness) were 1.03±0.08 μm (0.01 μm) that are 

in good agreement with the SEM and AFM measurements. The absorption coefficient of 

the sample is then deduced from the imaginary (k) part of the refractive index as follows:  

 

 𝛼 =
4𝜋𝑘

𝜆
 (3.32) 

 

λ is the photon wavelength in (cm), α is the absorption coefficient and is given in 

Figure 3. 4. The optical constants used for the calculation of (α) for the reference GaAs 

wafer were extracted from the ref. [39]. The extracted absorption spectra, given in Figure 

3. 4 indicates that light absorption lies within the same order of magnitude for both 

GaAs/Si and GaAs wafer, and therefore that crystal defects do not affect significantly 

carrier photogeneration in GaAs. 
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Figure 3. 4 Absorption coefficient determined for the GaAs epilayer in GaAs/Si (red) and for 

the reference GaAs wafer (blue) 

 

3.4.2 Fraction of the photons absorbed from the solar spectrum AM 1.5G 

and theoretical photocurrent density 

 

From the absorption coefficient measurements, and assuming zero electron-hole 

recombination, it becomes possible to evaluate the maximum theoretical photocurrent 

density (jtheoretical) generated in the two photoanodes. [115] For comparison, this 

calculation is first performed by considering only the epitaxial GaAs thin layer (1 μm) 

and the commercial GaAs wafer (350 μm) as photoactive layers. In this regard, the 

fraction of the photon flux absorbed by each GaAs layer in both samples (Φsample(λ)) is 

calculated from its thickness (dsample), its absorption coefficient (αsample(λ)), and the 

spectral photon flux of the simulated solar AM 1.5G (Φ0(λ)) using the equation below: 

 

 𝛷𝑠𝑎𝑚𝑝𝑙𝑒 = 𝛷0(𝜆) × [1 − 𝑒𝑥𝑝(−𝛼𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) × 𝑑𝑠𝑎𝑚𝑝𝑙𝑒)] (3.33) 

 

Figure 3. 5 (top) superimposes the solar spectral photon flux Φ0(λ) (black solid line) and 

absorbed photon flux Φ(λ) for the 350 µm-thick commercial GaAs wafer (blue solid line), 

and the 1µm-thick GaAs layer in GaAs/Si sample (red solid line) 
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Figure 3. 5 Fraction of the photons absorbed by GaAs from the spectral photon flux of the 

AM 1.5G solar spectrum (black) for the 350-μm thick GaAs wafer (blue) and 1-μm thick GaAs 

layer (red) from GaAs/Si sample (top); jtheoretical (mA/cm2) calculated neglecting e-/h+ 

recombination (bottom) 

 

Assuming that each photon absorbed generates one electron/hole pair, the total number 

of the absorbed photons multiplied by the electric charge (e) gives the maximum current 

density that can be produced as shown below, 

 

 𝑗𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 ∗ 𝑒 = ∫ 𝛷𝑠𝑎𝑚𝑝𝑙𝑒

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

∗ 𝑒 (3.34) 

 

Figure 3. 5 (bottom) shows the deduced maximum integrated current density jtheoretical for 

the epitaxial 1-μm GaAs layer as the red solid line (commercial 350 µm GaAs wafer as 

the blue solid line) with a photocurrent density at saturation equal to 25.5 mA/cm2 (35.2 

mA/cm2), in close agreement with that calculated in references [30,115]. The difference 

in photocurrent densities between the two configurations is thus mostly related to the 

difference of GaAs thicknesses considered (1 µm vs 350 µm), the impact of which is 

enhanced when the absorption is lower (at energies near the GaAs bandgap). 
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3.5 Photoelectrochemical (PEC) characterization 

 

PEC characterizations were carried out in a standard three-electrode configuration 

consisting of a working electrode (PA fabricated from the epitaxial GaAs/Si, GaAs/GaAs 

samples and the commercial GaAs wafer), a reference electrode (Ag/AgCl in saturated 

KCl), and a counter electrode (graphite rod). The used electrolyte was an aqueous 0.2 M 

H2SO4 solution (measured pH = 0.35). The solar light was simulated by a solar simulator 

(LS0106, LOT Quantum Design) equipped with an AM 1.5G filter with the measured 

power of 100 mW/cm2. A Zennium potentiostat (Zahner) was used and potential was 

scanned at a rate of 50 mV/s. The measured potential vs Ag/AgCl reference electrode was 

converted to the comparable reversible hydrogen electrode (RHE) using the equation 

shown below, 

 

 𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.197 + 0.059 𝑝𝐻 (3.35) 

 

3.5.1 Linear sweep voltammetry (LSV) 

 

The crystal defects were considered for years as device killers in the field of III-

V/Si photonics or photovoltaics. [123,124] Especially, these defects are usually 

considered as non-radiative recombination centers, hampering efficient transport in 

photoelectric devices. Thus, relatively lower photoelectrochemical (PEC) performance in 

terms of photocurrent density and quantum efficiency would be expected for the epitaxial 

GaAs/Si sample, as compared to the almost defect-free commercial GaAs wafer. In order 

to examine PEC properties, the photoanodes (PA) of GaAs/Si, GaAs/GaAs and the GaAs 

wafer were prepared as described in chapter 2. The net photocurrent density (jnet) was 

determined from the difference between photocurrent density of the electrode under 1-

sun illumination (AM 1.5G, 100 mW cm-2) and under dark conditions (jnet = jlight - jdark) 

for the GaAs/Si PA, GaAs/GaAs PA and GaAs wafer PA and represented as a function 

of the applied potential in reversible hydrogen electrode scale (RHE) in Figure 3. 6 

Surprisingly, a slightly (but significantly) higher photocurrent is obtained at 1.23 V for 

the GaAs/Si PA (jnet = 13.74 mA/cm2) as compared to the GaAs PA (jnet = 12.22 mA/cm2). 

A similarly shaped j-V curve was obtained for the epitaxial GaAs/GaAs photoanode (PA) 

when compared to the epitaxial GaAs/Si PA. Importantly, the observed jnet at 1.23 V vs. 
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RHE for the GaAs/GaAs PA (7.94 mA/cm2) is significantly smaller than the GaAs/Si PA, 

which could be related to the amount of charge carriers photogenerated and successfully 

transported to the electrolyte.  

 

Figure 3. 6 Photocurrent density as function of applied voltage (j-V) recorded under light, 

chopped light and in the dark for (a) GaAs/Si PA; (b) GaAs/GaAs PA and (c) net photocurrent 

density (jnet – V) for the GaAs wafer (350 μm) PA (blue dashed-dotted line), the epitaxial GaAs 

(1 μm)/Si PA (red solid line) and the epitaxial GaAs (1 μm)/GaAs PA, respectively. 

 

This result indicates that GaAs/Si sample with a large density of defects also generates 

the highest photocurrent which seems, at first, contradictory with previous reports using 

III-V/Si for photonics or photovoltaics. The high photocurrent of GaAs/Si suggests that 

(i) carriers transport in photoelectrodes is not affected by the crystal defects in the same 

way as in photonic or photovoltaic devices, [18] and (ii) there are additional contributions 

to the photocurrent, beyond the GaAs one, giving rise to higher photocurrent, which will 

be discussed in the upcoming sections.  

 

Additionally, onset potentials (Vonset) of 0.38 V, 0.48 V and -0.08 V are extracted 

for GaAs/Si, GaAs/GaAs and GaAs, respectively, showing that the Vonset is significantly 

larger for both, GaAs/Si PA and GaAs/GaAs PA when benchmarked to GaAs wafer PA. 

The delay in Vonset can be attributed to the influence of interfaces in epitaxial samples. 
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The Vonset and the slope are convoluted with kinetics of OER reaction. As no catalysts 

were used in this study, the slopes of j-V curves are compared relatively and estimated to 

be 0.028, 0.016 and 0.049 Siemens/cm2 for GaAs/Si, GaAs/GaAs and GaAs PA, 

respectively 

 

3.5.2 Mott-Schottky and depletion layer width (WSC) 

 

One can expect that, GaAs/Si will lead to a depletion width that extends much 

further into the bulk because of its nid low doping. Therefore, the electric field in the 

GaAs/Si would lead to enhanced carrier collection and thus higher photocurrent 

obscuring other loss channels. However, the recombination occurs not only in the bulk, 

but also in the depletion layer at the surface states and interfacial defects. [125] 

Nevertheless, in the absence of recombinations in the depletion layer, only the minority 

carriers generated within the distance of diffusion width (LD) can be separated efficiently 

and transferred through the interface for redox reaction. [46,126] LD is expected to be in 

the range of 3 – 10 μm [127] for GaAs. In case if the width of the depletion layer in 

GaAs/Si has a similar (or larger) value than the value of LD, the measured photocurrent 

would correspond only to the collection of photocarriers generated in the depletion layer, 

and thus a continuous increase of the photocurrent with the applied potential should be 

observed. On the contrary, a plateau is observed in the photocurrent of the GaAs/Si 

photoanode as shown in Figure 3. 6 (c). This plateau is usually related to a diffusion 

regime in which the current is limited by the collection of photocarriers within the 

diffusion width LD, which is being larger than the depletion width. 

 

To verify this experimentally, the Mott Schottky analysis for GaAs/Si was 

performed and the apparent doping density for GaAs/Si is determined to be 7.25x1017 cm-

3 from 1/C2 slope as shown in Figure 3. 7 (a). The observed high-doping density likely 

results from the presence of antiphase boundaries in the material, which are electrically 

active and act as donor defects. [18] The width of the depletion layer as a function of the 

doping density is calculated using the equation below and plotted in Figure 3. 7 (b).  
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 𝑊𝑆𝐶 = √
2𝜀𝑟𝜀0(𝑉 − 𝑉𝑓𝑏)

𝑁𝐷𝑒
 (3.36) 

 

where, εr is the relative permittivity constant of GaAs (12.9), εo is the permittivity of 

vacuum (8.85 x10-14 F cm-2), ND is the doping density (7.25x1017 cm-3), e is the charge of 

an electron (1.6 x10-19 C), V is the potential at the equilibrium (OCPdark) and Vfb is flat-

band potential from MS measurement (0.57 V). 

 

Figure 3. 7 (a) Mott-Schottky plot measured in the dark for the epitaxial GaAs on Si substrate 

showing the Vfb and ND in inset; (b) Width of the depletion layer (WSC) as a function of doping 

density (ND) in LOG scale. Thickness of the GaAs epilayer (1 μm) is shown in inset. 

 

It appears to be that; the width of the depletion layer (77 nm, for the apparent doping 

density for GaAs/Si) does not extend into the bulk in GaAs/Si and is below than the 

thickness of the epilayer. This confirms that photogenerated carriers collection is in 

diffusion regime in GaAs/Si, limited firstly by the diffusion width and secondly by the 

width of depletion layer. 

 

3.5.3 Open-circuit potential (OCP) 

 

Open circuit potential (OCP) measurements were carried out in the same three-

electrode cell at the equilibrium to investigate the influence of the light on the studied 

samples, as shown in Figure 3. 8. Photopotential (Vph) was then inferred from the 

difference between OCP measured in light and dark (Vph = OCPlight – OCPdark). A lower 

Vph is obtained for the epitaxial GaAs/Si (0.22 ± 0.05 V), GaAs/GaAs (0.18 ± 0.02 V) than 
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for the GaAs (0.45 ± 0.03 V), confirming that the GaAs/Si PA requires a higher applied 

external voltage to enable photoelectrochemical charge transfer. This is consistent with 

the larger Vonset measured for the epitaxial GaAs/Si PA, and related to the presence of 

additional interfaces, in the case of GaAs/Si (Si/GaAs/electrolyte) and GaAs/GaAs 

(GaAs/GaAs/electrolyte) that may lead to potential drop at the hetero-interface. Please 

note that, GaAs/Si (GaAs/GaAs) is an epitaxial stack of nid GaAs and n-type Si substrate 

(n-type GaAs substrate), and thus does not involve multiple p-n junctions to be a tandem 

structure. Therefore, an increase in Vph or decrease in Vonset is not expected for the epitaxial 

samples. 

 

Figure 3. 8 OCP measurements for the GaAs wafer PA (blue dashed-dotted line), the epitaxial 

GaAs/Si PA (red solid line) and GaAs/GaAs PA (black dashed line) in 0.2 M H2SO4 electrolyte 

(measured pH=0.35) under simulated AM 1.5G illumination 

 

3.5.4 Quantum efficiency of GaAs/Si and GaAs wafer photoanodes 

 

Quantum efficiency or incident photon-to-current conversion efficiency (IPCE) 

was measured for the epitaxial GaAs/Si and GaAs PA using a tunable wavelength light-

emitting diode (LED) illumination source (details in chapter 2) with the external applied 

potential at 0.8 V vs RHE. Figure 3. 9 (a) shows the IPCE curve and integrated 

photocurrent density (jintegrated) plot extracted from IPCE data for the GaAs/Si and GaAs 

PA where a maximum of IPCE around 60% was observed for both PA.  
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Figure 3. 9 (a) IPCE measured for the GaAs wafer and GaAs/Si PA; (b) GaP wafer and GaP/Si 

PA in the energy range of (1.21 - 4.2) eV at 0.8 V vs RHE 

 

The jintegrated at saturation was estimated to be 11 mA/cm2 and 12 mA/cm2 for GaAs/Si 

and GaAs, respectively, showing a good consistency of the measurements with the j-V 

voltammetric curves plotted above in Figure 3. 6 (b). As expected, the GaAs wafer PA 

has a zero IPCE (no photoresponse) in the photon energy below 1.42 eV which 

corresponds to the bandgap of GaAs. [89] Whereas, this is not the case for the GaAs/Si 

that has a non-zero IPCE value below 1.42 eV. This sub-bandgap photoresponse could be 

mainly due to the Si substrate contribution to the photocurrent. While there is a possibility 

of Si substrate to be optically active in the case of the GaAs/Si PA, it does not appear to 

be a general trend for all III-V/Si associations; for instance, it is not the case for GaP/Si 

PA (Figure 3. 9 (b)). Indeed, below 2.7 eV (direct band gap of GaP), IPCE is near to 0 

for both PA made of the GaP wafer and the GaP/Si sample, meaning that there is no sub-

bandgap photoresponse contrary to the GaAs/Si PA. A more quantitative picture can be 

given through additional measurements of the photocurrent density under specific 

wavelength monochromatic excitation. 

 

3.5.5 Photocurrent density under tunable monochromatic light 

illumination 

 

Monochromatic light source with light-emitting diodes (LED) was used in order 

to study the response of the photocurrent density as a function of photon energy for the 

epitaxial GaAs/Si sample as it has two layers where both might be photoactive. The three-

electrode PEC cell and potentiostat used for this experiment were identical to those used 
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for the classical (j – V) characterizations. The photocurrent density at 0.8 V vs RHE was 

measured with LED light at three different excitation energies (Eexc). The spectral 

information of each source is reported in Table 3. 1. The first Eexc (1.89 eV) was set to a 

photon energy significantly larger than the bandgap of GaAs. The second Eexc (1.36 eV) 

was set to a photon energy just below the bandgap of GaAs and the third one (1.23 eV) 

was chosen to lie significantly below the bandgap of GaAs. All the Eexc are however larger 

than the Si bandgap (1.12 eV). Figure 3. 10 (a) displays the photocurrent density 

measured alternatively at different Eexc and in dark conditions for the reference GaAs PA, 

showing a photocurrent density of 0.56 mA/cm2 measured at Eexc = 1.89 eV. For the Eexc 

smaller than the band gap of GaAs (1.42 eV), it can be observed that the reference GaAs 

PA is not responding as the photocurrent is close to zero. In contrast to the reference 

GaAs, the epitaxial GaAs/Si PA results in a smaller but significant net photocurrent 

density equal to 0.12 mA/cm2 and 0.07 mA/cm2 even at smaller Eexc energies (1.36 and 

1.23 eV) than the bandgap of GaAs (Figure 3. 10 (b)). These experiments show 

unambiguously that the Si substrate is photoactive in the GaAs/Si PA. 

 

LED Energy (eV) Spectral width (eV) 
Power density 

(mWcm
-2

) 

1 1.89 0.08 5.7 

2 1.36 0.03 2.3 

3 1.23 0.03 3.5 
 

Table 3. 1 Photon energy, spectral width and power density of the tunable monochromatic LED 

illumination source extracted from Thales software that controls LED source. 
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Figure 3. 10 (a) Photocurrent density measured under tunable monochromatic light 

illumination for GaAs wafer; (b) GaAs/Si PA at an applied potential of 0.8 V vs RHE 

 

3.6 Discussion 

 

To further clarify the high photocurrent obtained for GaAs/Si PA, a photoactive 

350 µm-thick Si layer was added to the model in order to recalculate the fraction absorbed 

photons from the spectral photon flux of solar AM 1.5G spectrum and the maximum 

possible photocurrent density jtheoretical that can be generated. Results are shown by green 

curves in Figure 3. 11. From these calculations, one can easily observe that the addition 

of Si as a photoactive material allows the absorption of the solar photon flux at lower 

energy Figure 3. 11 (top). This results in a photocurrent density starting at lower energy, 

and reaching a higher saturation value of 41.1 mA/cm2 as shown in Figure 3. 11 

(bottom). 
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Figure 3. 11 Fraction of the photons absorbed by GaAs from the spectral photon flux of the 

AM 1.5G solar spectrum (black) for the 350-μm thick GaAs wafer (blue), 1-μm thick GaAs 

layer (red) from GaAs/Si sample and 1-μm thick GaAs epitaxial layer grown on 350-μm thick 

Si substrate (green) (top); corresponding jtheoretical (mA/cm2) calculated neglecting e-/h+ 

recombination (bottom)  

 

This therefore explains why the photocurrent reached with GaAs/Si PA is higher than the 

one measured with the reference GaAs PA, and gives the hope to reach even improved 

performances for single photoelectrodes with such dual bandgap configuration. These 

results also highlight that carriers photogenerated in the Si material are surprisingly able 

to cross the GaAs/Si interface, and the whole GaAs layer despite the hetero-interface band 

offsets and the GaAs crystal defects. The photocurrent density of bare n-type Si substrate 

PA without GaAs epitaxial layer is in the range of 0.1 mA/cm2, which is attributed to the 

presence of insulating SiOx native oxide. Following the dipping of the bare n-type Si 

photoanode into HF (10%) for 2 min to remove SiOx from the surface, the photocurrent 

density is increased 2x times reaching ~0.2 mA/cm2 (Figure 3. 12). 
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Figure 3. 12 Photocurrent density vs voltage (j - V) curve for the bare and HF-dipped n-type 

Si photoanode under 1-sun illumination 

 

Here, it is interesting to note that the photoactivity of Si is not systematically observed 

for other III-V materials grown on Si substrates. As shown previously, similar analysis 

was performed on comparable GaP/Si sample and GaP wafer (Figure 3. 9 (b)). In this 

case, the IPCE for both epitaxial GaP/Si and GaP PA increases massively above 2.7 eV 

(direct bandgap of GaP) and shows a close to zero value below that energy indicating that 

Si substrate does not contribute to the PEC activity of the GaP/Si PA. We attribute this 

difference between the two materials systems to the relative positioning of the III-V 

semiconductor bands and their band lineup with the bands of Si, which are different 

(Figure 3. 13). 

 

 

 

Figure 3. 13 Relative positioning of the III-V semiconductor energy bands and their band 

lineup with the energy bands of Si (represented for illustration). 

 

Indeed, as the valence band (VB) of Si is well aligned with the VB of GaAs [112], the 

minority charge carriers, i.e., the photogenerated holes, can be easily transferred from Si 
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to GaAs. Therefore, the amount of the effective charges used in oxidation process 

increases which consequently results in an enhancement of the photocurrent. In the case 

of GaP/Si, the VB maximum of Si is significantly higher than that of GaP, thus it will 

impose an energy barrier for the transfer of the photogenerated holes from Si to GaP. It 

is worth to mention that, without any protective layers, epitaxial GaAs/ Si, GaAs/ GaAs 

and GaAs wafer PA are not expected to drive Oxygen Evolution Reaction (OER), but 

photocurrents are likely to originate from III-V photocorrosion which is already 

highlighted in references [7,9,17,128] Nevertheless, we believe that this does not change 

the main finding of this study i.e. the contribution of the silicon substrate in the generated 

photocurrent, as photocorrosion is a redox reaction taking place as a result of 

photoelectrochemical charge generation and transportation. Nevertheless, the large 

photocurrent detected with the GaAs/Si PA is intriguing and potentially of great interest 

for water splitting applications. Consequently, the development of efficient dual-bandgap 

III-V/Si single photoelectrodes is conditioned by the choice of an appropriate III-V 

semiconductor, which band lineups with Si are favorable to promote 

photoelectrochemical charge transfer. 

 

3.7 Summary 

 

In this chapter, we demonstrated that the photoelectrode composed of a thin-film 

GaAs epilayer (1 μm) grown on a low-cost Si substrate can operate in a dual-band gap 

mode, where carriers photo-generated in both the GaAs layer and the Si substrate can 

contribute to the electro-chemical reaction. We especially show that despite crystal 

defects and additional band offsets, the GaAs/Si dual-bandgap photoanode allows 

reaching higher light-limited net photocurrents than those obtained with photoelectrodes 

fabricated from commercial defect-free bare 350-µm thick GaAs substrates. The set of 

experiments carried out in this chapter highlight that the participation of carriers 

photogenerated in the Si substrate is found to be the origin of enhanced photocurrent. 

Notwithstanding the high photocurrent density of GaAs/Si PA, the photoanode onset 

potential (Vonset) is relatively larger than the one of the GaAs wafer photoanode and the 

origin of it is mainly attributed to the influence of interfaces (Si/GaAs/electrolyte) and 

surface states on its performance, as well as the potential drop due to the presence of the 

Si. Nevertheless, the demonstration of high photocurrent density, as well as quantum 
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efficiency with a simple material design, opens prospects for the development of high-

efficiency dual-bandgap III-V/Si photoelectrodes with other III-V materials. 
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Chapter 4. Alloys of III-V thin films on Si substrate with 

Photoelectrode/Electrolyte band engineering   

 

The concept of band engineering between photoelectrode and electrolyte to 

achieve desired materials properties and thus, higher photoelectrochemical (PEC) water 

splitting efficiency has a great significance for the development of hydrogen fuel chain. 

In this chapter, we demonstrate bandgap engineering with III-V alloys, specifically 

GaPAs alloys grown epitaxially on a low-cost Si substrate, and how the optical and 

photoelectrochemical properties are deeply impacted by different band-lineups. 

 

4.1 Introduction 

 

In the general context of carbon-free energy policy and global energy/ 

environmental crisis, the development of green hydrogen production technologies (i.e., 

hydrogen produced from renewable energies) has attracted much researches in the last 

past years. [30,129] The energy potential of hydrogen and solar water splitting PEC cells 

have been extensively discussed in chapter 1. It was already mentioned in above chapters 

that semiconductor photoelectrodes are at the heart of this technology and combine 

simultaneously several characteristics such as (i) a good light absorbtion, (ii) appropriate 

energy band positions and (iii) low fabrication costs, for instance through the choice of 

earth-abundant materials to render higher solar-to-fuel conversion efficiency with 

affordable cost. Finding all these qualities in one material is very challenging, thus many 

research efforts have been devoted to find new materials that possess most of the desired 

characteristics. [6,30] 

 

III-V semiconductors have been used for years in the field of photovoltaic solar 

cells, sensors or photonics, both at academic and industrial levels, because of their 

remarkable optical properties, leading to world record performances for various 

applications. [56,130] Most of these achievements were made possible thanks to the 

ability of materials scientists to tune at will the bandgaps and bandlineups in III-V 

materials stacks. This strategy, often referred to as “bandgap engineering” or “band 

engineering”, [60] consists in alloying different binary III-V semiconductors (such as InP, 
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InAs, GaAs, GaP, GaSb, GaN, etc.) to form a ternary or a quaternary alloy, with targeted 

bandgap properties for laser emission or light harvesting in solar cells. [72] Over the 

years, different epitaxial setups have been developed to guarantee the ultimate control of 

III-V semiconductors alloys composition, such as Molecular Beam Epitaxy (MBE) or 

Metal-Organic Chemical Vapor Deposition (MOCVD), with a III-V alloy composition 

control typically better than 1% over a 4 inches wafers in industrial grade experimental 

setups. 

 

The use of III-V semiconductors as photoelectrodes in PEC cells have also been 

emerged with promising performances, yet  most of the studies focus on the use of binary 

compound semiconductors based on expensive III-V commercial wafers. [10,31,58] 

While PEC cell performances with relatively high photocurrents and photovoltages were 

demonstrated with this approach, [73,85,86,98] the bandgap and the relative positioning 

of the semiconductor bands with respect to the redox levels of the electrolyte are however 

fully determined by the physical intrinsic properties of the binary III-V semiconductor, 

and  thus fundamentally reducing the maximum efficiency that can be reach by the cell. 

On the other hand, few photoelectrodes using ternary III-V alloys semiconductors were 

proposed in complex architectures, [10,46] such as the monolithic multiple-junction 

photoelectrode (GaInP/GaInAs)/TiO2/RuOx used to run unassisted water splitting with 

19% of Solar to Hydrogen (STH) record efficiency. [31] In these devices, alloying is 

mostly used to adjust the bandgaps of the multiple absorbers to the sunlight spectrum and 

ensure the current matching between the two p-n junctions. Despite excellent 

performances, the optimization of the semiconductor band alignment with water redox 

levels was not considered. More recently, operating photoelectrodes with monocrystalline 

III-V thin films directly grown on Si substrates were demonstrated, leading to a drastic 

reduction of their fabrication cost. [17–19,99] Following this strategy, bandgap 

engineering was proposed theoretically to address the issue of band alignments between 

the semiconducting photoelectrodes and redox levels of the electrolyte, but without 

experimental proof of the concept in electrochemistry. [101] 

 

In this chapter, we study the photoelectrochemical and optical properties of 

photoelectrodes, made from GaP1-xAsx alloys epitaxially grown on a low-cost Si 

substrate. We show that, optical and photoelectrochemical properties can be finely 
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adjusted through the control of the As content, x(As) in the alloy. With composition 

change, the absorbing edge is tuned from 1.39 eV to 2.41 eV. The nature of the band 

structure (indirect-to-direct) is also modified as deduced from the change of photon-to-

current conversion efficiency. The flat-band potentials (Vfb) determined from Mott-

Schottky (MS) measurements are associated to the variation of energy bands and onset 

potentials (Vonset), respectively, depending on elemental composition of GaP1-xAsx alloys. 

However, the variation range is found to be lower for the energy bands and systematically 

higher for the onset potentials, which is interpreted by the high surface recombination and 

low hole transfer kinetics of bare photoelectrodes without passivating and catalysts layers. 

 

4.2 Sample growth and photoelectrode elaboration 

 

In this study, a 1-μm thick GaP1-xAsx thin films were grown in a bi-domain 

configuration [18] by Molecular Beam Epitaxy (MBE) on a HF-chemically prepared Si 

substrate (n-type, Ph-doped 5x1014-15 cm-3) with a thickness of 350 μm. The substrate was 

heated at 800oC for 10 min to desorb hydrogen. Following the preparation of the 350 µm-

thick Si substrate, 1 μm-thick GaP1-xAsx epilayers were grown at 500oC in a conventional 

continuous Molecular Beam Epitaxy (MBE) growth mode. Table 4. 1 summarizes the 

important growth parameters of the epitaxial GaP1-xAsx alloys, including a targeted x(As), 

Beam Equivalent Pressure V/III ratio, epilayer thickness and MBE growth rate. It should 

be noted that the GaAs epilayer was not intentionally doped (nid), and epitaxial strategies 

to annihilate antiphase boundaries (APBs) were not used. In addition, a commercial n-

doped GaAs, GaP wafers (1 to 5∙1018 cm-3) with thickness of 350 μm were used as a 

reference sample to compare with epitaxially grown GaAs and GaP. 

 

 Alloys 

x(As) 1 0.83 0.52 0.22 0 

V/III ratio 7.4 5.7 5.1 3.9 8.7 

Epilayer Thickness (μm) 1 1 1 1 1 

MBE growth rate (ML/s) 0.24 0.24 0.24 0.24 0.24 
 

Table 4. 1 Alloys of GaP1-xAsx grown epitaxially on Si substrate with arsenide content x(As), Beam 

Equivalent Pressure V/III ratio, epilayer thickness and MBE growth rate 
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Prior to the preparation of the photoanodes (PA), all the epitaxial GaP1-xAsx alloys on Si 

(GaP1-xAsx /Si) were cleaned in ultrasound cleaner for 10s with ultrapure water and 

subsequently purged with the flow of N2 gas. The backside was scratched to make the 

Ohmic contacts using Gallium-Indium eutectic (99.99%, Alfa Aesar) and silver paste 

(Electron Microscopy Sciences). The electrochemically active surface area was defined 

using an epoxy resin (EA 3423, Henkel from Loctite) covering the backside and the edges 

of the PA (Figure 2. 6) and was calculated using ImageJ software.  

 

4.3 Structural characterization 

 

Structural characterization of the epitaxial GaP1-xAsx /Si alloys were carried out 

using X-Ray Diffraction (XRD) in the conventional ω/2θ mode. Figure 4. 1 (a) shows a 

superimposed plot of ω/2θ scans performed in the vicinity of Si (004) for the alloys of 

GaP1-xAsx /Si with different x(As). 

 

Figure 4. 1 (a) XRD ω/2θ scan performed in the vicinity of Si (004); (b) evolution of the integral 

breadth (IB) of the epilayer Bragg peak (triangle) and strain relaxation rate (SRR) (star) as a 

function of x(As); (c) evolution of the calculated lattice constant (square) as a function of x(As); 

and (d-h) RSM showing the Si substrate and the epilayer in (224) direction with black dashed 

line (fully plastically relaxation) and red dashed line (fully elastically strained). x in inset refers 

to x(As) of GaP1-xAsx /Si alloys. 

 

The ω/2θ scans exhibit a common thin Bragg peak which is observed at 69.13° for all the 

samples, that corresponds to the Si substrate. The other well-defined Bragg peaks are 
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related to GaP1-xAsx layers with the Integral Breadth (IB) (Figure 4. 1 (b), triangle 

markers) similar for all samples, showing a similar crystal quality independently of the 

alloy composition. The position of the Bragg peak of GaP1-xAsx epilayers depends on 

both, the alloys composition and the strain status of the epilayer. In order to separate both 

effects and to determine GaP1-xAsx alloys composition accurately, the Reciprocal Space 

Maps (RSM) were recorded in 224, (Figure 4. 1 (d-h)), -224 and 004 (Figure 4. 2) 

directions.  

 

Figure 4. 2 Space Reciprocal Maps (RSM) showing the Si substrate and the epilayer (a-e) at 

004 reflection and (f-j) at -224 reflection. In inset black dashed line (fully plastically relaxation) 

and red dashed line (fully elastically strained), x refers to x(As) of GaP1-xAsx /Si alloys 

 

The Strain Relaxation Rate (SRR) was then inferred, SRR = 1 corresponds to fully 

plastically relaxation and SRR = 0 to fully elastically strained structure (illustrated in 

chapter 2). Considering all the RSM recorded for GaP1-xAsx /Si epitaxial alloys, the 

calculated mean value for SRR is higher than 0.8 (Figure 4. 1 (b) – star markers) 

indicating that the epitaxial samples are close to fully plastically relaxation. The observed 

change in Sz values for the GaP1-xAsx epilayer which is decreasing for the higher x(As) is 

attributed to the evolution of the 2θ values of the GaP1-xAsx alloy Bragg peaks indicating 

that the lattice constant increases with the x(As) as shown in Figure 4. 1 (c), which is in 

a good agreement with the theoretical lattice parameter of GaP (0.54505 nm) and GaAs 

(0.56532 nm). [131] From the SRR values and the Bragg peak positions, the real As 

content, x(As) of GaP1-xAsx alloys is calculated with the corresponding mean values of 
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1.0±0.02, 0.83±0.02, 0.52±0.01, 0.22±0.02 and 0.01±0.01, respectively, showing a good 

consistency with the initial targeted x(As) values before epitaxial growth, illustrating the 

very fine control of III-V alloys compositions that can be reached with MBE. 

 

4.4 Surface characterization 

 

Furthermore, to investigate sample morphology, tapping mode atomic force 

microscopy (AFM) and scanning electron microscopy (SEM) were used. Figure 4. 3 

depicts the set of 5 x 5 μm2 AFM images of the epitaxial samples with different x(As) as 

well as for the commercial GaP and GaAs wafers. All GaP1-xAsx alloys present similar 

morphology, independently to different x(As), revealing a root-mean-square (rms) value 

in the range of 5 – 9 nm.  

 

Figure 4. 3 (a-e) AFM image of surface morphology of the epitaxial GaP1-xAsx alloys with 

different x(As) shown in inset as x and (f) the commercial GaP and GaAs wafers. Inset 

includes the rms value and corresponding scale bar 

 

However, the rms of the epitaxial samples are higher than the one measured for the 

commercial GaP, GaAs wafers (~0.8 nm). The higher surface roughness observed for the 

epitaxial samples is attributed to the growth of a polar material as GaP, GaAs on a non-

polar Si substrate [132], as well as used specific growth processes. [61,65] 
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The SEM image of the sample with one high and low rms value is shown in Figure 

4. 4 to compare the sample morphology over a larger scale. SEM image at the same scale 

is given for the GaAs wafer as well for comparison in Figure 4. 4 (f). From the side-view 

SEM image, the 1-μm thick (targeted thickness) GaP1-xAsx epilayer and Si substrate can 

be easily distinguished from two different contrasts. In overall, from structural and 

surface characterizations, it is clear that (i) 1-μm thick GaP1-xAsx alloys were epitaxially 

grown on a low-cost Si substrate with precise control of x(As) content and with (ii) similar 

surface and crystal quality independently to different x(As). 

 

 

Figure 4. 4 SEM images for the 1 μm-thick epitaxial GaP1-xAsx alloy with high roughness: (a) 

side view, (b) tilted top view and (c) top view; low roughness: (d) side view, (e) tilted top view; 

(f) commercial GaAs wafer from the top view, x in inset refers to x(As) 

 

4.4 Characterization of optical properties 

 

A Horiba UVISEL 2 spectroscopic ellipsometer were used to characterize light 

absorption properties of the epitaxial thin-film GaP1-xAsx alloys grown on Si substrate. In 

this perspective, the optical constants were measured at room temperature in the photon 

energy range of 0.6 – 4.2 eV and subsequently fitted with Tauc-Lorentz with 2 oscillators 

model in order to calculate the energy gap (EG), thickness and roughness, respectively. 

Absorption coefficient (α) was deduced from the imaginary part of the optical index (k) 

resulted after the fitting. In order to increase the accuracy of the fitting with given models, 

the samples surface was smoothened with chemically mechanically polishing (CMP). 
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Figure 4. 5 shows the experimental ellipsometry spectra for CMP GaP1-xAsx alloys, 

where the variation of the Is (blue) and Ic (red) parameters as a function of the photon 

energy is plotted. The black lines correspond to the fitting curves obtained after adjusting 

the parameters of the Tauc-Lorentz 2 model.  

 

Figure 4. 5 Experimental ellipsometry spectra of the IS (blue), IC (red) parameters and fitting 

curve with Tauc-Lorentz model (black) for GaP1-xAsx alloys with (a) x(As)=1; (b) 0.83; (c) 

0.52; (d) 0.22 and (e) 0, respectively 

 

The extracted values for the energy gap (EG), thickness and roughness are given in Table 

4. 2.  

 Alloys 

x(As) 1 0.83 0.52 0.22 0 

EG (eV) 1.39 1.46 1.81 2.18 2.41 

Thickness (μm) 0.942 0.816 0.836 0.866 0.722 

Roughness (μm) 0.011 0.017 0.009 0.013 0.011 
 

Table 4. 2 Energy gap (EG), thickness and roughness values extracted from the fitting of the raw 

ellipsometry data 

 

The observed slightly difference between the values of extracted and real thickness (~1 

μm) is associated to CMP polishing and small uncertainties of the ellipsometry fitting 

models. The absorbtion coefficient of the sample is then deduced from the imaginary (k) 

part of the refractive index extracted from the fitting as follows:  
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 𝛼 =
4𝜋𝑘

𝜆
 (4.37) 

 

λ is the photon wavelength in (cm) and α is the absorption coefficient. Figure 4. 

6 shows the measured absorption spectra of GaP1-xAsx alloys with different x(As), 

indicating the evolution of the light absorption at different photon energy depending on 

the alloy’s composition.  

 

 

Figure 4. 6 Optical absorption spectra for the epitaxial GaP1-xAsx alloys grown on Si substrate, 

including bare GaP[39] and GaAs[39] for comparison 

 

Light absorbtion spans from 2.41 eV to 1.39 eV highlighting that, optical properties of 

the material become tunable with the control GaP1-xAsx elemental composition. The 

absorption spectra of GaP, GaAs wafers from [39] is also given in the same plot in order 

to compare with the epitaxial alloys especially with x(As) = 0 (GaP) and x(As) = 1 (GaAs) 

showing that absorption coefficient lies within same order of magnitude for both 

commercial wafers and epitaxial samples, and therefore that crystal defects do not alter 

significantly the light absorption in epitaxial GaP1-xAsx alloys. 

 

4.5 Photoelectrochemical (PEC) characterization 

 

PEC characterizations were carried out in a standard three-electrode configuration 

consisting of a working electrode (photoanode (PA) fabricated from GaP1-xAsx alloys and 

commercial GaAs, GaP wafers), a reference electrode (Ag/AgCl in saturated KCl), and a 
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counter electrode (graphite rod). The used electrolyte was an aqueous 0.2 M H2SO4 

solution (measured pH = 0.35). The solar light was simulated by a solar simulator 

(LS0106, LOT Quantum Design) equipped with an AM 1.5G filter with the measured 

power of 100 mW/cm2. The polychromatic light was simulated with tunable wavelength 

light-emitting diode (LED). A Zennium potentiostat (Zahner) was used and potential was 

scanned at a rate of 50 mV/s. The measured potential vs Ag/AgCl reference electrode was 

converted to the comparable reversible hydrogen electrode (RHE) using the equation 

below, 

 

 𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.197 + 0.059 𝑝𝐻 (4.38) 

 

4.5.1 Incident photon-to-electron conversion efficiency (IPCE) 

 

The incident photon-to-electron conversion efficiency (IPCE) was measured in a three-

electrode PEC cell under illumination with a tunable wavelength light-emitting diode 

(LED) with the photon energy range of (1.2 – 4.2) eV. The external applied potential was 

1 V vs RHE. Figure 4. 7 (a) shows the IPCE curves as a function of photon energy for 

the epitaxial GaP1-xAsx alloys with different x(As).  

 

Figure 4. 7 (a) IPCE spectra for the 1 μm-thick epitaxial GaP1-xAsx alloys grown on Si 

substrate measured under polychromatic light at 1 V vs RHE applied potential; (b) IPCE 

spectra of GaAs (1 µm) epilayer and bare GaAs:n wafer (350 µm) measured in the same 

conditions for comparison 

 

A clear shift of the IPCE edges is observed depending on the elemental composition of 

the alloys. For the higher x(As) alloys, the IPCE edge is observed at smaller photon 
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energy, highlighting the capability of high x(As) alloys to absorb more in visible region. 

This trend is related to the bandgap evolution of GaP1-xAsx alloys with different x(As) as 

confirmed by spectroscopic ellipsometry measurements (Figure 4. 6). Moreover, the 

observed IPCE edge fronts for x(As)=0 and x(As)=0.22 alloys are less abrupt than the 

those with higher x(As) alloys. 

 

Additionally, the low x(As) alloys (0, 0.22 and 0.52) exhibit the IPCE of ~30% at 

maximum, whereas the IPCE values up to 60% is achieved for the higher content x(As) 

alloys (0.83 and 1), meaning that the higher x(As) alloys are capable of absorbing more 

photons and subsequently generating more charge carriers for the photoelectrochemical 

redox reaction. While the decrease in photon energy is due to the band gap shift toward 

smaller values, the shape and the magnitude of IPCE curve is associated to the indirect-

to-direct band gap transition, which is expected to occur at x(As) = 0.52 for GaP1-xAsx 

alloys. [72]  

 

The IPCE measurement performed at the same conditions for the commercial nearly 

defect-free GaAs:n wafer (350 μm) is given in Figure 4. 7 (b) for comparison with x(As) 

= 1 (GaAs) epitaxial alloy grown on Si substrate. Despite emerging defects and smaller 

thickness, GaAs (1 μm) epitaxial alloy exhibit a similar IPCE efficiency to the 

commercial GaAs wafer, which is intriguing and was not expected (details in chapter 3). 

This means the charge carriers photogeneration and transport in photoelectrodes is not 

affected by the crystal defects in the same way as in photonic or photovoltaic devices [18] 

and 1 μm-thick GaAs/Si epitaxial sample is able to produce the IPCE of similar magnitude  

as the commercial 350 μm-thick GaAs wafer. The surprising photoelectrochemical 

performance of the GaAs/Si sample is related to the sub-bandgap photoresponse of Si 

substrate and extensively studied in chapter 3. These results demonstrate high optical and 

transport properties of epitaxially grown GaAs on Si substrate. Moreover, it strengthens 

the potential of thin III-V layers on cheap silicon substrate for low cost photoelectrode 

elaboration.  
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4.5.2 Flat-band potential (Vfb) and band-lineups 

 

Flat-band (Vfb) measurements with Mott-Schottky (MS) characterization were 

further performed in the dark for the photoanodes of GaP1-xAsx alloys in 0.2 M H2SO4 

electrolyte (measured pH = 0.35) using the same three-electrode photoelectrochemical 

cell. As shown in Figure 4. 8, the MS plots exhibit a positive slope indicating that the 

epitaxial GaP1-xAsx alloys present an n-type doping.  

 

Figure 4. 8 Mott-Schottky analysis performed in the dark for GaP1-xAsx alloys with different 

x(As): (a) 1, (b) 0.83, (c) 0.52, (d) 0.22 and (e) 0, respectively. The x-intercept of the y-axis 

(A2/CSC
2) of the linear portion indicate the flat-band potential (Vfb) 

 

Donor densities in the range of 1017 and 1018 cm-3 are measured, which are unexpectedly 

large values for non-intentionally doped III-V layers grown by MBE. Although 

contamination (e.g. by carbon atoms) of the Si surface prior to III-V overgrowth cannot 

be excluded, [133,134] theses large values measured are more likely explained by the 

presence of antiphase boundaries in the layers that have been shown to be electrically 

active and potentially with a donor-like behavior. [18,135] Flat-band potentials (Vfb) 

versus Reversible Hydrogen Electrode (RHE) deduced from the A2/C2 intercept with the 

potential x-axis are plotted for the different samples in Figure 4. 9 (green diamonds). The 

large values of donor concentrations determined from MS measurements, enable 

approximation that Fermi level coincides with the conduction band (CB) levels. In this 

case, Vfb corresponds to CB levels versus RHE. By adding bandgap energy determined 
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from spectroscopic ellipsometry measurements, valence band (VB) positions are deduced 

(black diamond) The theoretical expected evolution of the different energy bands of 

interest for GaP1-xAsx, corresponding to the different valleys of the Brillouin zone (Γ, L, 

X) are superimposed with experimental values in Figure 4. 9, similarly to previous works. 

[72,101,112] Note that in the semiconductor research community, the CB edge energy is 

usually referred versus vacuum level (and defined as electron affinity). In order to 

compare energy versus RHE and versus vacuum, we consider that the chemical potential 

for electrons under RHE is shifted by -4.48 eV on the vacuum level. [113] From GaAs 

photoelectrode measurements, the measured flat-band potential of  -0.57 V vs. RHE leads 

to an electron affinity equal to 3.89 eV, in good agreement with the well documented 4.07 

eV value. [136]. Surface dipoles and/or surface states could explain the small difference 

between these two values. 

 

Figure 4. 9 Experimental flat-band potential (green diamond) as a function of x(As) of GaP1-

xAsx alloys measured from Mott-Schottky plot, inferred further as ECB. The EVB (black diamond) 

deduced from the measured flat-band potential and the band gap. Theoretical Γ, X and L 

valleys of the CB and the VB as a function of x(As) are calculated [72], considering linear 

evolution of the VB from x(As)=0 to x(As)=1 [112] OER potential of 1.23 V is shown as an 

orange dashed line. 

 

As expected, a weak evolution of the CB energy and a large change of the VB energy is 

observed on the theoretical curves in Figure 4. 9, as a function of the x(As), with an 

indirect (X) to direct (Γ) cross-over for x(As)=0.5 [72,137]. The first observation that can 

be made is the remarkable agreement between the CB and the VB evolutions predicted 

theoretically and the positions of the one deduced from the flat-band potential and 

ellipsometry measurements. This not only validates experimentally with unprecedented 
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accuracy the band bending model used for years in photo-electrochemistry to describe the 

semiconductor/electrolyte junction, [41] but also implies that, thanks to the fine control 

of III-V alloys composition provided by epitaxial techniques, one can adjust precisely the 

position of the VB with respect to the energy levels of the electrolyte. 

 

In addition, the O2/H2O water redox potential was positioned in Figure 4. 9, and crosses 

the valence band maximum for a x(As) composition below 0.2. For a rapid and 

energetically optimal OER, the valence band should straddle the O2/H2O level.[46,115] 

Therefore, in the present study, OER is not expected to occur for photoelectrodes with 

x(As) contents above 0.2. By extension, we deduce that accurate control of any III-V 

alloy composition allows such optimization, whatever the III-V compound considered, 

on the anodic or on the cathodic side. 

 

4.5.3 Linear sweep voltammetry (LSV) 

 

The current vs voltage (j-V) measurements were performed further to analyze the 

influence of different energy band positions of GaP1-xAsx alloys on the PEC performance 

of photoanodes. The j-V measurements were carried out using the same three-electrode 

PEC cell containing 0.2 M H2SO4 electrolyte (measured pH=0.35) under light 

illumination with AM 1.5 G (100 mW/cm2) dark and chopped light. Figure 4. 10 (a) 

shows the j-V plots recorded on GaP1-xAsx alloy photoelectrodes versus reversible 

hydrogen electrode (RHE) for the different x(As) contents. 

 

At first, we observe an increase of the net photocurrent density (jnet) with the 

composition x(As) of the GaP1-xAsx alloys used to fabricate PAs. A photocurrent density 

of 14.62 mA/cm2 and 1.34 mA/cm2 at 1.23 V is measured for x(As)=1 (GaAs/Si) and for 

x(As)=0 (GaP/Si) PAs, respectively. The photocurrent increase is particularly significant 

for the alloys with x(As) beyond 0.52 as shown in Figure 4. 10 (b). This evolution is the 

consequence of a strong light absorption with low-bandgap alloys and indirect-to-direct 

bandgap transition (more photons are absorbed) which occurs at x(As) ~ 0.5. These trends 

are in good agreement with the IPCE measurements shown in Figure 4. 7 (a) and band 

structures presented in Figure 4. 9 
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Figure 4. 10 (a) Photocurrent vs voltage (j-V) curves for the epitaxial thin-films of GaP1-xAsx 

alloys with different x(As) described in inset. The water oxidation potential (1.23 V vs RHE) is 

marked as a black dotted line; (b) evolution of the net photocurrent density at 1.23 V vs. RHE 

and the energy gap as a function of x(As) 

 

The photocurrent density measured at 1.23 V for the PAs made from GaAs and GaP 

substrates is 12.22 mA/cm2 and 1.27 mA/cm2
, respectively (Figure 4. 11). The measured 

photocurrents of PAs made of native substrates have thus in first approximation the same 

values than the corresponding epitaxial III-V/Si ones. This result is therefore, a 

confirmation of the good optical and transport quality of the III-V epilayers grown on the 

cost-efficient Si substrate despite the low thickness of the thin-film layers deposited. 
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Figure 4. 11 (a) Photocurrent density vs applied voltage (j – V) curves for the commercial 350 

μm-thick GaAs, (b) GaP wafer in comparison with the 1 μm-thick GaP1-xAsx with x(As) = 1 

(GaAs) and x(As) = 0 (GaP) grown on Si substrate measured under 1-sun illumination in 0.2 

M H2SO4 

 

Second, it is clearly seen that the onset potential (Vonset), the potential where a 

measurable photocurrent is detected, is changing according to the elemental composition 

of the GaP1-xAsx alloy. The relative positions of the energy bands, particularly the valence 

band (VB) is mostly influencing the Vonset of the anodic photocurrent besides the kinetics 

of charge transfer and charge recombinations at surface states. [138]. The Vonset as a 

function of x(As) is plotted in Figure 4. 12. The Vonset increases for the higher x(As) 

alloys, meaning that higher external potential has to be applied to enable the 

photoelectrochemical charge transfer. Especially for the samples with x(As) 0.22, 0.52 

and 0.83, the change is obvious with corresponding Vonset values of 0.21 V, 0.37 V, and 

0.55 V vs. RHE, respectively. 

 

Figure 4. 12 Evolution of the onset potentials (Vonset) as a function of x(As) from GaP1-xAsx alloy 
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Considering an ideal photoanode (without surface/interface recombinations), for any 

potential more anodic than Vfb, the band bending will drive photo-generated holes to the 

solid/liquid interface, and a photocurrent is detected. Thus, Vonset and Vfb are identical for 

an ideal photoanode. In the present work, a large difference can be seen between the 

apparent values of Vonset and the measured Vfb, especially for large As contents. Such a 

difference can be analyzed following Gärtner-Butler (GB) approach, an alternative 

method to determine the Vfb by analyzing the experimentally recorded j-V curves. [44] 

With this analysis, for an ideal photoelectrode, the intercept of the square of the net 

photocurrent, jnet
2 with the potential axis (V vs. RHE) should allow the determination of 

Vonset that corresponds in theory to Vfb. As shown in GB analysis of x(As)=1 (GaAs/Si) 

sample (Figure 4. 13 (a)), at potential higher than 1 V, a good agreement with the model 

is observed and by fitting this part, the Vfb is estimated at -0.21 V vs. RHE. However, in 

the range of potential lower than 1 V, a second and different linear slope can be fitted, 

with the intercept directly related to the observed delayed Vonset. In this range the photo-

generated minority carriers recombine with majority carriers, possibly in surface states or 

accumulate at the interface due to the slow kinetic of surface reactions. [125]  

 

Figure 4. 13 (a) Gärtner-Butler (GB) analysis of the experimentally measured j-V curve of the 

x(As)=1 (GaAs/Si) sample, the slopes for Vfb and Vonset are shown in inset; (b) evolution of the 

Vfb,(red star markers) the Vonset (black star markers) and their differences determined with GB 

analysis as a function of the composition x(As) in the alloys 

 

A similar tendency is observed for all the other alloys of GaP1-xAsx (Figure 4. 14). The 

Vonset and Vfb deduced from GB analysis and the difference between are shown in Figure 

4. 13 (b). We interpret these large differences as the consequence of surface/interface 

states in the samples that will need to be improved in future works. A decrease of the 



Chapter 4 – Alloys of III-V thin films on Si substrate with Photoelectrode/Electrolyte band engineering  

115 

 

offset has been reported by using deposition of surface state passivating layers [119,125] 

and (or) OER catalysts [139]. In order to fully demonstrate the potential of III-V 

alloys/silicon photoelectrodes, studies on surface passivating layers and (or) catalysts are 

required. 

 

Figure 4. 14 Gärtner-Butler (GB) analysis of the experimentally measured j-V curves for the 

x(As) (a) 0.83, (b) 0.52, (c) 0.22 and (d) 0, the slopes for Vfb and Vonset are shown in inset 

 

4.6 Discussion 

 

The CB and VB positions of GaP1-xAsx alloy changes drastically as a function of x(As), 

so does the nature of the band gap, influencing mainly the optical and 

photoelectrochemical properties of the material that are of great interest for solar energy 

harvesting devices. As shown in Figure 4. 10 (b), the alloys with higher x(As) have 

smaller bandgap which is more suitable to absorb large range of the solar spectrum and 

thus it is clearly observed that these samples are capable to produce large photocurrent. 

As a consequence, the quantum efficiency for the samples with x(As) 0.83 and 1 is 

relatively larger than those with lower x(As) and are potentially of great interest for the 

solar energy harvesting devices. On the other hand, the alloys with lower x(As) reveal a 
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relatively smaller Vonset which is particularly interesting for the un-assisted solar water 

splitting. However, the alloys with lower x(As) absorb relatively smaller fraction of the 

solar spectrum with smaller efficiency due to the indirect bandgap configuration.  

 

Nevertheless, the GaP1-xAsx alloys are intriguing and potentially of great interest as the 

important photoelectrochemical properties as well as the optical bandgap can be tuned 

through the fine control of x(As). For instance, the desired photocurrent density (>10 

mA/cm2) and the Vph (>1.23 V) for the PEC water splitting could be achieved by 

elaboration of the connected multi-absorber tandems. The alloys of x(As) 0, 0.22 and 0.52 

with EG varying in between 1.8 – 2.5 eV could be used as top absorber, whereas the alloys 

with x(As) 0.83 and 1 as bottom absorbers exceeding 25% the overall STH 

efficiency.[140]  

 

4.7 Conclusion 

 

In this chapter, we demonstrated band gap engineering on the epitaxial GaP1-xAsx 

alloys grown on a low-cost Si substrate through the control of alloy’s composition. 

Especially, we show that, the bandline-ups and bandgap configuration can be relatively 

tuned with respect to the desired application in solar energy harvesting devices. The 

experimental results highlight that engineering of the GaP1-xAsx bandgap deeply impacts 

the optical and photoelectrochemical properties which is intriguing and shows the 

potential interest in photoelectrochemical water splitting. In addition, the alloys with 

x(As) 0 (GaP) and 1 (GaAs) exhibit a competitive photocurrent density compared to the 

commercial III-V wafers which are x10 times more expensive than our laboratory grown 

materials. These results strengthen our approach for low cost and efficient 

photoelectrodes fabrication. However, the measured onset potentials are quite high and 

huge offset between flat band and onset potential is observed. These indicate that the 

photoelectrodes suffer from high surface recombination and (or) poor surface kinetics. 

Studies on passivating and (or) catalysis layers are in demand to fully demonstrate the 

potential of III-V alloys/silicon photoelectrodes. 
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Chapter 5. Protection of GaAs/Si photoanodes against 

corrosion: First attempts 

 

Despite the promising results of the epitaxial III-V/Si thin-film photoelectrodes 

discussed in previous chapters, the stability remains as one of the primary challenges. In 

this chapter, preliminary stability studies are conducted on epitaxial 1-μm thick GaAs 

grown on Si substrate and commercial n-doped GaAs photoanodes (i) without any 

protective layer, (ii) with Ir, Ni metal depositions by sputtering and (iii) with TiO2 atomic 

layer deposition (ALD) protective layers. Results are discussed to identify developments 

axis. 

 

5.1 Introduction 

 

As described in chapter 1, the semiconductor photoelectrode’s thermodynamic 

stability under illumination can be estimated from the anodic/cathodic self-decomposition 

potentials. If the anodic self-decomposition potential (Ep,d) is located above the water 

OER energy level (Ep,d > EOER in EVAC scale), the photocorrosion of the photoanode is 

dominant over the water OER. [50,51] The majority of the state-of-the-art III-V 

semiconductors, including InP, GaP and GaAs as well as Si (group IV) are 

thermodynamically unstable for water oxidation reaction. [51,93] Whereas, 

photocorrosion is less severe when these materials are used as photocathodes, as the 

cathodic self-decomposition potential (En,d) is located above the water HER energy level 

(En,d > EHER in EVAC level) [51]. It also depends on the nature and acidity of the electrolyte. 

Thanks to the recent research efforts, various protective layers have been proposed. [8,9]. 

The application of the ultra-thin transition metal oxide layers as a protection layer have 

been proven to be effective to extend the photoelectrode’s lifetime and applicable to most 

of the unstable photoelectrodes. [9,85] A general working principle of the protection 

layers is illustrated in Figure 5. 1. In the case of n-type photoanode having Ep,d > EOER, it 

can be protected by applying a thin layer of a material that have Ep,d’
 < EOER as illustrated 

in Figure 5. 1 (a-b). Similar approach is valid for the p-type photocathode (Figure 5. 1 

(c-d)).  



Chapter 5 – Protection of epitaxial grown GaAs /Si photoanodes against corrosion: First attempts 

121 

 

 

Figure 5. 1 Schematic illustration of an n-type photoanode (a) not stable, (b) stable with a 

protection layer; p-type photocathode (c) not stable, (d) stable with a protection layer. 

Kinetics of water redox reactions and charge transfer as well play a crucial role in 

the stability of the semiconductor photoelectrodes. For instance water OER is kinetically 

sluggish and in competition with photoanode self-decomposition reaction. [7,52] 

Catalysts are mainly found to be solution to increase the rate of water OER and 

subsequently increase the lifetime of the photoelectrode. In addition, several surface 

passivation strategies have shown to improve the surface chemical properties by 

surpassing the recombinations at surface states and thus improving charge transfer 

kinetics. [119] Therefore, the application of the catalysts together with passivation or 

protective layers with the robust stability in acidic/alkaline solutions is a must to have a 

longer lifetime of operation. 

 

Considering photocathodes (for the HER), p-type semiconductors have been first 

protected with metal layers. As an example, a p-type Si photocathode was found to be 

stable for 60 days in 1M HCl (pH = 0) by using a metallic platinum coating. [141] 

Generally, noble metals such as Pt, Ru and Ir are used, but some other non-noble metals 

have been also tested. [85,88] The deposition of metal leads to the formation of a Schottky 
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junction (chapter 1) between metal and semiconductor and introduce a new way to control 

the built-in electric field and thus the charge separation. The metal work function is 

therefore, a critical parameter to choose the correct metal. Despite the simplicity of the 

metal deposition approach, its application as protective layers is limited due to parasitic 

light absorption/reflection loss by these metallic layers. A large decrease in the 

photocurrent is usually observed after the deposition of the metal with a large thickness. 

In addition, several metal oxide semiconductors have been considered as a protective 

layer, i.e., TiO2 (EG = 3.2 eV) is the most widely used, owing to its optical transparency 

for the photons with hν ≤ 3 eV and suitable ECB close to HER potential. Turner and 

coworkers demonstrated high stability of p-GaInP2 photocathode protected with a 35-nm 

TiO2 layer functionalized by a cobaloxime molecular catalyst for several hours in H2 

production with a current density of ∼9 mA cm−2 at 0 V vs RHE. [142] In addition to 

TiO2, n-type Nb2O5 layers have shown good stability and high light-limited photocurrents 

for p-GaP photocathodes. [81] In general, the metal oxides have poor catalytic activity 

and thus co-catalyst such as Pt and Ru are deposited to speed-up the reaction kinetics.  

 

The photoanodes protection issues are substantially different than those of photocathodes. 

[9,119] Unprotected non oxide photoanode materials oxidize under OER conditions by 

forming an insulating layer, sometimes soluble in electrolyte. [128,143] Only a few OER 

catalysts (IrOx, RuOx) are stable under acidic OER conditions and thus most of the 

attention has been devoted to protection in alkaline electrolytes (pH=14). [139] The band 

alignment of TiO2 is normally unfavorable for the OER and the photogenerated holes are 

expected to be blocked at the semiconductor/TiO2 interface. However, quite good 

performances have been reported for some photoanodes protected by TiO2 layers, 

[17,85,144,145] demonstrating efficient hole transport through the amorphous TiO2. Hole 

tunneling through the thin TiO2 layer and/or hole transfer by hopping via TiO2 defect 

states have been proposed to explain the hole transport observed. [85,145] NiOx and CoOx 

present better band positions to ensure hole transfer and are quite stable in alkaline 

electrolytes (though unstable in acid) and has been tested for GaP photoanode protection. 

[86,88]  
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5.2 Stability of bare GaAs:n and GaAs/Si photoanodes 

 

At first, the stability of bare photoanodes (PA) of the commercial GaAs:n wafer 

was studied as a reference material without any protection layer. Then, the stability of 

epitaxial thin-film GaAs/Si:n PA was investigated to compare the stability of the PA of 

two materials in similar conditions. 

 

5.2.1 GaAs:n photoanode 

 

The stability of 350-μm thick commercial n-doped (1-5x1018 cm-3) GaAs wafer 

photoanode without any protection layer was analyzed at an applied external potential of 

0.8 V vs. RHE in the dark and under illumination. Figure 5. 2 shows the 

chronoamperometry results at 0.8 V vs. RHE with corresponding j–V curves recorded 

before (0h), at 10h and after (20h), respectively. 

 

Figure 5. 2 (a) Photocurrent density vs. Time (chronoamperometry) in the dark at 0.8 V vs. 

RHE for GaAs:n wafer photoanode, inset shows a magnified version of the graph at T~20 h; 

(b) j - V curves recorded at 0h, 10h and 20h after chronoamperometry, inset shows the inside 

of the PEC cell after 20h stability test. 

Despite the known issues of GaAs stability, the current density in the dark remains 

steady close to 0 mA/cm2 indicating a good stability within 20h. At the end of the 

chronoamperometry measurement, the light (1-sun illumination) was turned ON, in order 

to check if the photoanode is still photoactive. In the inset of Figure 5. 2 (a), one can 

clearly observe that 1-sun illumination results in a photocurrent density of ~12 mA/cm2 

which is similar to the photocurrent density obtained at the beginning of the 
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chronoamperometry experiment for the bare-GaAs:n photoanode. The j – V curves before 

(0h), at 10h and after (20h) were recorded and plotted in Figure 5. 2 (b), in order to check 

if the photoanode is still photoactive. The observed similarity in the j – V curves and the 

intact surface of the photoelectrode after stability test (inset of Figure 5. 2 (b)) suggests 

that the bare-GaAs:n photoanode remained stable and photoactive after 20h of stability 

test performed in the dark. As explained in chapter 1, the corrosion of an n-type GaAs in 

the absence of light may occur mainly via cathodic self-decomposition with the majority 

carriers (electrons, e-). N-type GaAs has a cathodic self-decomposition potential, En,d 

located below the EC and is thus expected to be unstable against cathodic self-

decomposition. [51] However, considering the solvent decomposition potential, En,solvent 

is located below En,d for the n-type GaAs semiconductor (Figure 1. 14 (a) in chapter 1), 

and thus the material can be protected against cathodic self-decomposition by the solvent 

decomposition. [50] 

 

Under illumination, the density of the minority carriers (holes, h+) increases vastly 

in the case of the n-type semiconductor and enables the oxidation reaction that can be 

either oxidation of the semiconductor itself (photocorrosion) or solvent (water) depending 

on the relative position of the anodic self-decomposition potential, Ep,d. In the case of n-

type GaAs, the Ep,d is located above the water oxidation (O2/H2O) potential, [51] meaning 

that the anodic self-decomposition of an n-type GaAs is more favorable than the water 

oxidation. Figure 5. 3 shows chronoamperometry result obtained at 0.8 V vs. RHE under 

1-sun illumination with the corresponding j - V curves recorded before (0 h), at 4 h and 8 

h of chronoamperometry. 
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Figure 5. 3 (a) Evolution of photocurrent density as a function of time at 0.8 V vs. RHE under 

1-sun illumination, inset shows the photoelectrode surface before T=0h, after T=13h; (b) j-V 

curves recorded before (0h), 4h and 8h of chronoamperometric activity, inset shows the inside 

of PEC cell after stability test. 

Unstable photocurrent density as function of time (Figure 5. 3 (a)) and j – V curves 

recorded at different time intervals (Figure 5. 3 (b)) indicate photocorrosion of the bare-

GaAs PA. Moreover, bare-GaAs PA studied in this thesis has a photovoltage, Vph of ~ 

0.45 V (Figure 3. 8), which is not sufficient to split water on its own as the minimum Vph 

required is 1.23 V. Thus, the photocurrent observed at lower voltages than the 1.23 V vs. 

RHE is mostly the consequence of GaAs photocorrosion. As a result, the surface of the 

photoelectrode changed completely, showing a complete etching of the 350-μm thick 

GaAs:n wafer after ~13h of the chronoamperometric test. In a first approximation, 

assuming that the etching is uniform and linear, the estimated etching rate of bare-GaAs 

photoanode is ~0.45 μm/min in our experimental conditions (0.8 V vs. RHE, 1-sun 

illumination, 0.2 M H2SO4 electrolyte with measured pH of ~0.3). Moreover, the 

electrolyte solution in PEC cell as shown in the inset of Figure 5. 3 (b) turned into darker 

color, indicating the electrolyte contamination with photocorrosion products of GaAs as 

they are partially soluble in the solution. [93,128,143] It is known from the literature, that 

six elementary charge carriers are required for the anodic corrosion of GaAs. [91,146] A 

two-step process is proposed for the overall anodic corrosion reaction of GaAs in acidic 

conditions (pH=0), [91,143] in which Ga is selectively etched first, leaving behind As0 

which is subsequently oxidized and dissolved, 
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 𝐺𝑎𝐴𝑠 + 3ℎ+ → 𝐺𝑎3+ + 𝐴𝑠0 (5.39) 

 𝐴𝑠0 + 3ℎ+ + 2𝐻2𝑂 → 𝐻𝐴𝑠𝑂2 + 3𝐻+ (5.40) 

 

and thus, the overall reaction for the GaAs anodic corrosion can be written by the sum of 

the first process (5.39) and the second process (5.40), 

 

 𝐺𝑎𝐴𝑠 + 6ℎ+ + 2𝐻2𝑂 → 𝐺𝑎3+ +  𝐻𝐴𝑠𝑂2 + 3𝐻+ (5.41) 

 

Following the interpretation of the chronoamperometry and j - V results for the GaAs:n 

wafer PA, one may observe that current density in the dark and under-illumination 

increases exponentially beyond applied voltage of 1 V vs. RHE.  This is attributed to the 

tunneling of the excess of majority charge carriers (electrons) through the narrow 

depletion layer caused by the very sharp band-bending in the case of the highly doped n-

type GaAs. [147] 

 

5.2.2 GaAs/Si:n photoanode 

 

The stability of 1-μm thick epitaxial GaAs/Si:n PA is now studied in the same 

experimental conditions under 1-sun illumination than the ones used for the bare GaAs:n 

PA. The two PA are similar, from the surface material point of view, however, GaAs/Si:n 

photoanode is thinner, grown epitaxially on a n-type Si substrate and thus it has a 

relatively higher defects density, including APBs that have been found to impact PEC 

water splitting properties. [18] Figure 5. 4 shows the evolution of the photocurrent 

density as function of time at an applied potential of 0.8 V vs. RHE under 1-sun 

illumination. The photocurrent density has decreased from 11 mA/cm2 to ~0 mA/cm2 after 

125 s of the chronoamperometric activity. The strong decrease is confirmed with the 

corresponding j – V voltametric curves as well, recorded at T=0 s (before) at 60 s and 120 

s. Such an evolution of the j can be associated to the etching of the photoactive layer (1-

μm thick epitaxial GaAs layer from GaAs/Si PA). At 125 s of chronoamperometry, the 

measurement was stopped in order to check the surface of the photoelectrode.  
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Figure 5. 4 (a) Photocurrent density vs. Time at 0.8 V vs. RHE under 1-sun illumination for 

1-μm thick GaAs/Si:n photoanode; (b) j – V curves obtained before chronoamperometry (0 s), 

at 60 s and 120 s, respectively. 

Figure 5. 5 shows the surface and surface profile of the photoelectrode after 125 s of the 

chronoamperometric activity. 

 

Figure 5. 5 (a) Surface of the photoelectrode after 125 s of chronoamperometry; (b) surface 

profile measured with profilometry along the yellow line (lateral distance) 

 The epoxy layer was removed after dipping the photoelectrode in dichloromethane 

solution for 30 min. As shown in Figure 5. 5 (a), the photoelectrode surface change can 

be observed from the color difference: a lighter bluish color is observed for the part where 

it was protected by epoxy resin, whereas the surface that was in contact with the 

electrolyte has a darker blue color. Surface profile of the photoelectrode (Figure 5. 5 (b)) 

shows a clear step between the point A and B, which is equivalent to 1.02±0.05 μm 
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(thickness of the GaAs epilayer). From these results, the etching rate was calculated for 

the GaAs/Si PA, and found to be ~0.48 μm/min (very close to the one of GaAs:n wafer 

PA). The AFM was performed to characterize the surface of GaAs/Si PA before and after 

the stability test. In Figure 5. 6, it can be clearly observed that surface of the GaAs/Si PA 

is changed after 125 s chronoamperometry, revealing a smaller roughness with RMS 

value of 0.5 nm for the etched GaAs/Si PA. 

 

Figure 5. 6 Atomic Force Microscopy (AFM) images of the sample surface for the GaAs/Si 

PA (a) before; (b) after 125 s of chronoamperometry at 0.8 V vs. RHE under 1-sun 

illumination 

It was mentioned above that, the anodic photocorrosion of GaAs involves six elementary 

charges and starts with the anodic oxidation of Ga species to Ga3+ leaving behind As0 

which is subsequently dissolved in the electrolyte (etching). GaAs/Si PA photocorrosion 

seems to follow a similar path as the 1-μm thick photoactive GaAs layer is etched as a 

result of material self-decomposition. 

 

5.3 Application of metallic layers as a cocatalyst and 

protection against corrosion 

To prevent photocorrosion while promoting PEC water oxidation, the epitaxial 

thin-film GaAs-Si photoanodes should be physically protected with a thermodynamically 

stable layer. The work function of the deposited stable layer has to be suitable with the 

semiconductor’s one to ensure an efficient charge transportation in case of thick deposited 

metal layers. Metals having relatively high work functions (which is usually preferred for 

efficient hole transport at the semiconductor/metal interface), such as Platinum (Pt), 
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Iridium (Ir) and Nickel (Ni), seem adapted for GaAs that has a lower work function. 

Additionally, these metals are catalytically active to improve the kinetics of water OER 

and thus avoiding possible corrosion reactions. In this context, we have deposited a thin 

layer of Iridium (Ir) or Nickel (Ni) via a sputtering technique mainly for the purpose of 

protection against corrosion. In the following, the results obtained after these attempts are 

presented and discussed.  

 

5.3.1 GaAs-Si photoanode protected with iridium 

 

Iridium (Ir) is a noble metal known for its catalytic properties in multiple redox 

reactions, including water oxidation. [148,149] According to the Pourbaix diagram shown 

in Figure 5. 7, iridium has a robust stability in acidic electrolyte which is in favor of PEC 

water splitting. [150]  

 

Figure 5. 7 Pourbaix diagram of iridium. Adapted from [49] 

 

Metallic layer of iridium with thickness of 4-nm was deposited via sputtering technique 

following the same recipe that was developed and successfully demonstrated for Si 

photoelectrodes in Institut des Sciences Chimique de Rennes (ISCR). Prior to the 

deposition of the metal, thin-film GaAs-Si was cleaned in acetone (3 min), iso-propanol 

(3 min) and ultrapure water (5min) in ultra-sound cleaner. The photoelectrodes of Ir-

deposited GaAs-Si samples were prepared using the standard procedure described in 

chapter 2, and were immediately tested for PEC water oxidation as photoanodes. Figure 
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5. 8 shows the j - V curve measured under 1-sun illumination in 0.2 M H2SO4 electrolyte 

(measured pH=0.3) for the as-grown GaAs-Si and for the Ir-coated GaAs-Si PA. It can 

be clearly observed that the photocurrent density recorded at 1st j - V curve for the 2 PA 

is different with a slightly delayed onset potential (Vonset) by 0.2 V vs. RHE for the Ir-

coated GaAs-Si PA. The delay in Vonset is associated to the newly formed Schottky 

junction between metal (Ir) and semiconductor (GaAs-Si) that affects the built-in electric 

field and thus charge separation. 

 

Figure 5. 8 (a) Photocurrent density as a function of applied voltage (j - V) curve measured 

under 1-sun illumination in 0.2 M H2SO4 (pH=0.3) for bare and Ir-coated GaAs-Si PA for the 

1st, 2nd and 3rd scans; (b) 4th and 5th scans 

 

Moreover, the magnitude of the current density in the dark and under illumination differs 

from each other and increases successively for the 2nd and 3rd j - V scans of Ir-coated 

GaAs-Si PA. The observed unstable current density can be associated to the 

photocorrosion of the PA. The photocurrent decreases down to 0 mA/cm2 for the 5th j - V 

curve and the presence of several tiny black particles in the electrolyte solution (inset of 

Figure 5. 8 (b)) indicates the etching of the GaAs photoactive layer regardless of the 

deposited thermodynamic stable layer of iridium. These results indicate that the recipes 

used to protect Si PA cannot be directly transferred to GaAs/Si PA, and that further in-

depth study (on surface preparations, thicknesses, deposition processes, etc.) is needed 

for further III-V PA developments using Ir as a protection layer. 
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5.3.2 GaAs-Si photoanode protected with nickel 

 

Nickel is another promising candidate to protect GaAs-Si PA from photocorrosion 

with relatively lower cost than iridium. Research studies demonstrated catalytic activities 

of Ni in the form of metallic layers and nanoparticles for water oxidation reaction, which 

is of interest for PEC water splitting. [151–153] In contrast to iridium (discussed above), 

nickel has a very low stability in acidic electrolytes. Nevertheless, its stability in alkaline 

electrolytes (pH~14) lasts for a couple of hours. [152] With the same technique used to 

deposit iridium, a 4 nm-thick nickel layer was deposited onto the cleaned GaAs-Si 

sample. The Ni-coated GaAs-Si PA was investigated for PEC water oxidation in 1 M 

KOH electrolyte (pH=14) in the dark and under 1-sun illumination. As shown in Figure 

5. 9 (a), the first 4 scans of j - V curves measured in the dark show a current density below 

0.5 mA/cm2, which increases subsequently up to 2.5 mA/cm2 after some additional scans 

(see the 13th scan and subsequent ones) for the Ni-coated GaAs-Si PA.  

 

Figure 5. 9 (a) (j - V) curves measured in the dark for Ni-deposited GaAs-Si PA in 1 M KOH 

(pH=14) electrolyte before and after PEC characterization; (b) under chopped light of 1-sun 

illumination; (c) and steady light conditions 

 

The resulted current density in the dark and its change toward higher values after few 

PEC characterizations is associated to the self-corrosion and surface change of the 

photoelectrode. After the 4th scan in the dark, the j - V curves were measured under 

chopped (5th - 7th) and continuous wave 1-sun illumination (8th - 12th
 scans) showing an 

increased photocurrent density up to 8 mA/cm2 (Figure 5. 9 (b-c)). Moreover, the surface 

of the photoelectrode is changed at the end of PEC characterization by forming a reddish-

pink colored surface (Figure 5. 10). The increased current density with the number of j - 

V scans and the surface change observed after the PEC characterization is associated to 

the corrosion of the Ni-coated GaAs-Si PA, likewise to the Ir-coated one. 
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Figure 5. 10 (a) Surface of the Ni-coated GaAs-Si PA before; and (b) after PEC 

characterization. 

The photoanodes of GaAs-Si with a 4-nm thick deposited iridium and nickel layers were 

corroded after a couple of minutes, whereas at least an hour of stability could be expected. 

[152,153] The main reason for the failure is expected to be the high roughness of the 

GaAs-Si sample. As shown in Figure 5. 6 (a), the epitaxial 1-μm GaAs grown on Si 

substrate presents a roughness with the RMS of 9 nm. Therefore, the surface of GaAs-Si 

might present one or several un-covered parts after the deposition of iridium/nickel, where 

the corrosion of GaAs initiates and spreads over as the current density in the dark and 

under illumination increases first and decreases down to ~0 mA/cm2 after photocorrosion 

of the entire photoactive GaAs layer. In addition, the adhesion of the metallic iridium and 

nickel layers on GaAs surface could be another reason of the failure to protect against 

photocorrosion. To check these assumptions, the same work has been performed with 

photoanodes made of native GaAs substrates. 

 

5.3.3 GaAs:n photoanode protected with iridium or nickel  

 

In order to verify the influence of the roughness on the protection efficiency of 

iridium and nickel layers, here we have used the same technique to deposit iridium or 

nickel onto a commercial GaAs:n wafer that has a relatively low roughness, with a typical 

RMS value below 1 nm.  

 

First, the PEC characterization was carried out for the Ir-coated GaAs:n photoanodes. As 

shown in Figure 5. 11, the 1st j - V curve measured under chopped light is very different 

than that of the bare GaAs:n wafer with the delayed Vonset. The difference between the 

dark and light current density is very small indicating that the Ir-coated GaAs PA does 
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not have a strong photo-response. The parasitic light absorption and charge transfer 

barriers imposed by iridium could be the two main reasons.  

 

Figure 5. 11 (a) (j – V) curves measured for Ir-coated GaAs:n PA and bare GaAs:n PA; (b) 

several cycles recorded for Ir-coated GaAs:n PA under chopped light. The measurement was 

carried out in 0.2 M H2SO4 (pH = 0.3) with 1-sun illumination. 

 

Moreover, it exhibits an increasing bump at 1 V vs. RHE that could be assigned to the 

redox change of iridium. The 2nd and 3rd j - V scans measured in the light and dark are 

similar to the j-V curves obtained for the bare GaAs PA. Nevertheless, all the j-V curves 

exhibit a strongly increasing current density in the dark and under light beyond 1 V vs. 

RHE, which is attributed to the tunneling of electrons through a very thin depletion layer 

as described previously. The 4th j - V curve as well, with several scans performed under 

chopped light is very similar to the bare GaAs PA. These results suggest that the deposited 

layer of iridium with the thickness of 4 nm is removed from the surface after the 1st j - V 

scan, possibly either after the corrosion underneath areas of the Ir film or imperfect 

adhesion between Ir film and the GaAs wafer. 

 

Second, the PEC characterization was carried out on a Ni-coated GaAs PA, which is 

prepared exactly in the same way as the Ir-coated GaAs PA. As shown in Figure 5. 12, 

likewise to the previous cases, the current density is not stable until the 3rd and 4th scans 

measured in the dark and under light. Similarly, to the peeling-off of the deposited iridium 

layer, a 4-nm thick deposited nickel was likely removed after few minutes of PEC 

characterization. The shape of the 2nd j - V curve of the Ni-coated GaAs PA is similar to 

the one of the bare GaAs PA. 
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Figure 5. 12 (a) (j – V) curves measured for Ni-deposited GaAs PA, nickel wire electrode and 

bare nGaAs wafer; (b) several cycles recorded in the dark and under light of 1-sun illumination 

for Ni-deposited GaAs PA. The measurement was carried out in 1 M KOH (pH=14) under 1-

sun illumination 

 

However, in terms of potential (V vs. RHE), the j – V curve of the Ni-coated GaAs PA is 

delayed by few millivolts, that could be due to an additional interface formed after nickel 

deposition imposing a barrier for charge transportation. The j - V curve with the nickel 

wire electrode is measured as a reference with a reversible photocurrent spike at ~1.4 V 

vs. RHE corresponding to Ni2+/Ni3+ redox change (blue curve of Figure 5. 12 (a)). The 

increasing photocurrent at 1.6 V vs. RHE is associated to the water OER which should 

not be assimilated to the current density of the GaAs PA, that results from the tunneling 

of electrons through a narrow depletion layer caused by the high doping. 

 

5.4 Titanium dioxide (TiO2) protected GaAs-Si and GaAs:n  

 

Deposition of thin, conformal surface protection layers, especially titanium 

dioxide (TiO2) using atomic layer deposition (ALD) to mitigate semiconductor corrosion 

has had success in recent years. [9,85,144] As mentioned above, a 100-nm thick ALD 

deposited TiO2 layers provided a 20 h robust protection against corrosion for an n-p+ 

GaAs photoanode during water oxidation reaction. [85] Considering the band energy 

alignment between TiO2 and GaAs, the photogenerated holes are expected to be blocked 

at the GaAs/TiO2 interface and thus making the water oxidation reaction unfavorable. 

However, efficient hole transport through the un-annealed amorphous TiO2 layer with a 

high density of electronic defect states and good PEC performance with a photocurrent 

density >10mA/cm2 have been demonstrated for some photoanodes protected by a TiO2 
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layer. [17,85] Hole tunneling through the thin TiO2 layer and/or hole transfer by hopping 

via TiO2 defect states have been proposed to explain the hole transport observed. [85,145] 

As TiO2 has a mild catalytic property, other co-catalysts such as Ni, CoOx or ruthenium-

aqua complexes have been used together in combination with TiO2 layer to increase the 

water OER kinetics which is also crucial to avoid the photoelectrode self-decomposition. 

[139] 

 

Keeping in mind the roughness of the GaAs-Si sample, here we have targeted two samples 

to be protected with TiO2: (i) a chemically mechanically polished GaAs-Si (CMP GaAs-

Si) sample and (ii) a pristine GaAs-Si (GaAs-Si) one. Figure 5. 13 shows the schematic 

illustration and corresponding AFM images of the two GaAs-Si samples on which a 50 

nm-thick TiO2 layer was deposited using ALD by our collaborators at CiNAM (L. 

Santinacci). Further, a 8 nm-thick nickel layer (catalyst) was deposited using sputtering 

technique as described above. The Ni/TiO2–coated GaAs-Si photoanodes (PA) were 

prepared using the procedure described in chapter 2. Photoelectrochemical, surface and 

elemental composition characterizations were carried out to study the stability of 

Ni/TiO2–coated GaAs-Si PA and discussed in the following sections. 
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Figure 5. 13 Schematic illustration of the (a) CMP GaAs-Si sample and (b) the pristine GaAs-

Si sample with corresponding surface AFM images. The scale bar and RMS are indicated in 

inset. 

 

5.4.1 CMP GaAs-Si protected with TiO2 and Ni as a catalyst 

 

To reduce the surface roughness of GaAs-Si, and thus favor the conformal 

deposition of TiO2 on the surface, the sample first underwent chemical mechanical 

polishing (CMP). AFM image plotted in Figure 5. 13 (a) shows a smoothened surface 

and decreased roughness by two times as a result of CMP. The ALD deposition was 

performed using a Tetrakis(dimethylamino) titanium (TDMAT) and deionized water (ρ 

= 18.2 MΩ · cm) according to the recipe described elsewhere. [154] Afterwards, the 

received samples (TiO2/GaAs-Si) were annealed in FOTON Institute cleanroom at Ta = 

450 oC under N2 atmosphere for 2 h to get rid of the Ti precursor ligands that are dissolved 

when the films are immersed in the electrolyte and to transform the amorphous layer into 

the polycrystalline anatase. On the surface of the annealed samples, a 8 nm-thick layer of 

nickel was deposited via sputtering technique used previously. Hereafter, Ni/TiO2–coated 

CMP GaAs-Si PA were prepared after rinsing the sample with ultrapure water and drying 

it with the flow of N2 gas. Photoelectrochemical measurements were carried out in a three-

electrode PEC cell in the dark and under 1-sun illumination in 1 M KOH (pH=14) 

electrolyte and plotted in Figure 5. 14. The current density in j - V curves measured in 
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the dark (1st – 5th scans) increases successively with the number of scans, indicating 

instability of the photoanode when higher anodic potential is applied (Figure 5. 14 (a)). 

The j - V curves measured under light (6th – 12th scans) decrease then down to 1 mA/cm2 

as corrosion deteriorates the photoelectrode surface (Figure 5. 14 (b)). 

 

Figure 5. 14 (a) Photocurrent density as a function of applied voltage for CMP Ni/TiO2/GaAs-

Si PA measured in the dark; (b) under light in 1 M KOH (pH=14) electrolyte with the 

corresponding images of the PA surface before testing and after 2 min of PEC activity, 

respectively 

 

The surface of the photoelectrode changes after 2 min of PEC activity as a result of 

corrosion by forming small circular dots that multiply to cover the whole surface. From 

the optical microscopy images plotted in Figure 5. 15, it seems that the PA surface was 

peeled-off during its operation.  

 

 

Figure 5. 15 Optical microscopy images of the CMP Ni/TiO2/GaAs-Si PA after 2 min of PEC 

characterization 

 

As TiO2 is supposed to be stable in alkaline electrolyte, [9] the etching of the 

photoelectrode likely starts at the GaAs surface underneath. Moreover, the presence of 
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several holes can be observed at the surface where the corrosion could initiate first at 

those sites. One may wonder if the holes present at the surface were formed after PEC 

characterization or were already existing before.  

 

The SEM and EDX measurements were carried out to check the sample surface, 

and elemental composition before PEC characterization. As shown in Figure 5. 16 (a), 

several large holes were already present before PEC characterization. EDX analysis 

performed at two different selected areas (spectrum 1 and 2) show a different elemental 

composition indicating that the two areas are chemically modified (Figure 5. 16 (b)). 

Especially, while the expected atoms and compositions are measured in area 2, it was not 

possible to measure any contribution of the GaAs or the Ni to the EDX signal in area 1, 

which seems to be an area where the Si is directly covered by the TiO2. Either CMP 

processing of the GaAs-Si sample before TiO2 and Ni deposition or annealing afterwards 

could be the main reasons for the presence of these holes at the surface of the CMP 

Ni/TiO2/GaAs-Si sample. In the next section, we consequently study the properties of a 

similar PA, where the CMP polishing was not used. 

 

Figure 5. 16 (a) SEM image of the CMP Ni/TiO2/GaAs-Si sample before PEC characterization; 

(b) results of EDX elemental composition analysis of the spectrum 1 and 2 listed in the table 

form 

 

5.4.2 Pristine GaAs-Si protected with TiO2 and Ni as a catalyst 

 

It is obvious that uncomplete coverage of the GaAs-Si surface will lead to the 

corrosion of the photoelectrode. Assuming that corrosion starts initially at the pinholes 

that are presumably generated during the CMP processing of GaAs-Si sample and that 
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corrosion spreads all over the surface by etching the GaAs underneath in the 

Ni/TiO2/GaAs-Si PA, we now study a pristine GaAs-Si with an ALD deposited TiO2 of 

50 nm and 8 nm-thick layer of Ni deposited by sputtering technique, as described above. 

TiO2 and Ni deposition on the pristine GaAs-Si sample took place in the same batch than 

that of the CMP GaAs-Si sample. The TiO2 deposited GaAs-Si sample was annealed at 

the same temperature (Ta = 450 oC) under N2 atmosphere for 2 h and followed by the 

deposition of a 8 nm-thick Ni layer. The PEC characterization was then carried out on the 

Ni/TiO2/GaAs-Si PA and plotted in Figure 5. 17. The current density in the dark is close 

to 0 mA/cm2 at the beginning, which increases subsequently up to 5 mA/cm2 (Figure 5. 

17 (a)). This indicates corrosion of the Ni/TiO2/GaAs-Si PA in the dark when higher 

anodic potential is applied, similarly to the CMP Ni/TiO2/GaAs-Si PA. Current density 

under light has a similar behavior, starting at 3 mA/cm2 at the beginning, increasing up 

to almost 6 mA/cm2 and then decreasing down to > 1 mA/cm2 after several successive 

scans (Figure 5. 17 (b)). The decrease of the photocurrent density can be related to the 

deterioration of the Ni/TiO2/GaAs-Si PA as a result of corrosion although TiO2 layer was 

deposited as a protection layer. 

 

Figure 5. 17 Photocurrent density as a function of applied voltage for Ni/TiO2/GaAs-Si PA 

measured (a) in the dark; (b) under light with several cycles in 1 M KOH (pH=14) electrolyte. 

 

In order to analyze if the corrosion of the Ni/TiO2/GaAs-Si PA occurs in the same way 

as the CMP-processed Ni/TiO2/GaAs-Si PA, the optical microscopy images were taken 

on the surface of the samples after 2 min of PEC activity and shown in Figure 5. 18 
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Figure 5. 18 (a) Surface of the Ni/TiO2/GaAs-Si PA; and (b) optical microscopy images taken 

after 2 min of the PEC activity with 100 μm scale, and (c) zoomed area in 10 μm scale 

 

Similarly, the circular dots started to form when the photoelectrode was immersed into 1 

M KOH electrolyte and biased with anodic potential. The optical microscopy images 

show similar corrosion pits as the ones observed for the CMP Ni/TiO2/GaAs-Si PA 

(Figure 5. 15). Only the corrosion rate seems slightly lower than the one of the CMP-

polished sample, maybe due to the lower density of pits. 

 

SEM characterization together with EDX elemental composition analysis were 

carried out on the PA surface and results are given in Figure 5. 19. As observed in Figure 

5. 19 (a), corrosion starts at a specific area where it is etched forming a hole that spreads 

all over the surface by time. The elemental composition was analyzed with EDX at 4 

different areas: s1 and s2 where the sample surface is still intact, s3 and s4 are etched as 

a result of corrosion as shown in Figure 5. 19 (b). It is clearly observed that the elemental 

composition is identical at the intact surface area (s1 and s2), and elements such as Ga 

and As from the photoactive GaAs are present with a similar atomic percentage (% at.). 

The Si substate is not detected due to the thick coverage of the other materials (>1µm). 

Whereas, GaAs photoactive layer is not detectable anymore in the etched area of the 

surface (s3 and s4), which can be explained with corrosion and subsequent dissolution of 

the GaAs products in the electrolyte. Interestingly, despite the GaAs etching underneath, 

TiO2 and Ni layers are still detected in the etched area, suggesting that the TiO2/Ni 

membrane was at least roughly preserved during the GaAs etching and lies directly on 

the silicon surface after the PEC operation. As a consequence, the use of the CMP 

processing cannot explain the low stability of the PA during PEC operation. 
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Figure 5. 19 (a) SEM image at the damaged area of Ni/TiO2/GaAs-Si PA surface after 2 min 

of PEC activity and (b) EDX elemental composition analysis at the specific selected areas 

 

Interestingly, Figure 5. 20 shows the SEM images of unpolished (without CMP) 

Ni/TiO2/GaAs-Si before PEC activity and corresponding EDX elemental analysis results. 

Ni/TiO2/GaAs-Si before PEC activity has a similar elemental composition than the s1 and 

s2 area from Figure 5. 19 where the layer remained intact. In this sample, large holes 

such as the one presented in Figure 5. 16 for the sample polished (with CMP) are not 

visible. This allows to conclude (i) that the CMP process developed initially in our Lab 

for GaP/Si materials, creates holes in GaAs/Si samples (through GaAs peeling off), as the 

chemical treatments still need to be adapted to this material, and (ii) that corrosion can 

occur in other places than the large holes generated during the CMP (Figure 5. 16). This 

process is expected to start in pinholes that have a much smaller scale than the one 

observed with CMP. Presently, the exact reason on why corrosion starts in s3 and s4 areas 

are not known. From the SEM image it can be observed a higher surface roughness for 

Ni/TiO2/GaAs-Si. Taking into account that the ALD deposition of TiO2 layer is normally 

perfectly conformal, a 50-nm thick TiO2 layer is expected to fully cover the surface of 

pristine GaAs-Si, and thus provide a robust protection against corrosion. Nevertheless, 

the photoelectrode surface has started to change after 2 min of PEC activity due to 

corrosion of the sample (s3 and s4 areas in Figure 5. 19) 
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Figure 5. 20 (a) SEM image of Ni/TiO2/GaAs-Si PA before PEC activity, and (b) EDX 

elemental composition analysis at selected area “1” 

 

5.4.3 GaAs:n commercial wafer protected with TiO2 

 

To avoid the impact of the surface roughness and annealing conditions, we have 

tested a PA made of GaAs:n commercial wafers,  protected with a TiO2 layer which was 

annealed in CiNAM following the procedure already used for the protection of Si. [145] 

In the similar way as for the previous samples (CMP GaAs-Si and pristine GaAs-Si), a 

50-nm thick TiO2 layer was deposited via ALD technique with a Tetrakis(dimethylamino) 

titanium (TDMAT) precursor and deionized water (ρ = 18.2 MΩ cm). [145,154] Whereas, 

the annealing of the as-deposited GaAs:n/TiO2 samples were done in CiNAM (Marseille) 

at Ta = 450 oC under ambient air for 2 h as it was supposed to be done for all the samples 

according to references [145,154]. Photoanodes of GaAs:n/TiO2 samples were 

characterized in PEC water oxidation using the same three-electrode cell in the same 

electrolyte solution (1 M KOH, pH=14) under 1-sun illumination. Figure 5. 21 (a) shows 

a photocurrent density (j) as function of applied voltage (V) for the pristine GaAs:n wafer 

PA. It was already mentioned above that highly doped (ND = 1018 cm-3) GaAs exhibits an 

exponentially increasing current density in the dark and under light beyond 1 V vs. RHE 

due to tunneling of electrons through narrow depletion layer. Similarly, the increasing 

current density is observed for the TiO2/GaAs:n PA, but with a delayed potential of ~0.3 

V as shown in Figure 5. 21 (b), indicating that TiO2/GaAs:n PA is still vulnerable to 

corrosion at higher anodic potentials.  
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Figure 5. 21 Photoelectrochemical (PEC) characterization of the photoanodes: j-V curve of 

(a) pristine GaAs:n under chopped light;(b) j-V curve of TiO2 GaAs:n and  pristine GaAs:n PA 

in the dark ; (c) chronoamperometric stability test of TiO2 GaAs:n PA at OCP in the dark; (d-

e) j-V curves of TiO2 GaAs:n PA under chopped light and (f) under 1ight of 1-sun illumination 

 

This result is surprising as one could expect that electron tunneling would be avoided for 

GaAs:n/TiO2 as the charge separation and transportation is supposed to be influenced by 

the newly formed built-in potential between GaAs:n and TiO2. Nevertheless, a good 

stability is achieved at open-circuit potential (OCP) in the dark. The current density 

decreased slightly, staying mostly steady within 10 h at 1.5 μA/cm2. However, 

photocorrosion of the GaAs:n/TiO2 PA still remains an issue. Following the 1st and 2nd j 

– V scans, further PEC characterization was performed with the chopped light and plotted 

in Figure 5. 21 (d-e) with the photocurrent density in the y-axis (in the same scale) for 

different j – V scans. It is clearly observed that photocurrent density has evolved slightly 

in between the 3rd – 6th, and increased after for the 7th and 8th ones as a result of surface 

changes during PEC activity. From the j-V measurement performed under light (9th – 

11th) scans, it is possible to extract the onset potential (Vonset) which equals to ~0.04 V vs. 

RHE. Taking into account the photovoltage (Vph) of TiO2 protected GaAs:n PA measured 

with 1-sun illumination (Figure 5. 22), the Vonset (0.04 V) is far below than the desired 

value for the water OER, which equals to 1.6 V vs RHE measured experimentally with 

Ni wire electrode (Figure 5. 12). Thus, the photocurrent density of TiO2 protected GaAs:n 
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PA measured below 1.3 V (1.6 – Vph (TiO2 GaAs:n)) can be associated to the self-

decomposition or other PEC redox reaction. 

 

 

Figure 5. 22 Open-circuit potential (OCP) and photovoltage (Vph = OCPdark – OCPlight) 

measured for TiO2 GaAs:n and pristine GaAs:n photoanodes. 

 

Indeed, the surface change observed after several minutes of PEC activity under light 

with applied anodic bias indicates that the majority of the measured photocurrent density 

does not originate from the water OER, but, from the self-corrosion of the TiO2 GaAs:n 

PA (Figure 5. 23). Self-corrosion of TiO2 GaAs:n PA leads to the formation of the 

circular dots or etching pits (Figure 5. 23 (b)) similarly to the previous samples with ALD 

deposited TiO2 layer. Despite the use of standard annealing conditions, there might exist 

few/several micro/nano pinholes at the surface where the electrolyte may reach the bulk 

GaAs and initiate corrosion underneath the TiO2 layer. 
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Figure 5. 23 (a) Surface of TiO2 GaAs:n PA before and (b) after several minutes of PEC 

characterization. Optical microscopy images at the scale of (c) 200 μm and (d) 50 μm 

 

5.5 Discussions and conclusions 

 

Despite the convenient use of sputtering technique to deposit the layers of Ir and 

Ni, in this work we did not succeed in providing a robust protection against anodic 

corrosion of III-V photoanodes. Similar strategies have been used for Si and it is 

interesting to compare the results. In the case of Si photoanodes, the stability was 

demonstrated over a couple of hours when the photoanodes were coated with a thin layer 

of Ir-IrOx (20 nm-thick layer). [155] The measured photocurrent density started to 

decrease after 10 h of activity. It is not the case for GaAs photoanodes studied in this 

work, where the corrosion of the GaAs starts rapidly at the surface pinholes, as one 

surface hole is enough for the electrolyte to reach the bulk GaAs surface and starts 

corrosion underneath. [128,155] It was already mentioned that once GaAs starts 

corroding, the corrosion products are soluble leading to the dissolution or peeling-off of 

the deposited metallic layer. On the contrary, the corrosion product of Si is mainly SiO2 

which is not soluble and remains at the surface as a passivation layer extending the 

protection efficiency of the deposited metallic layer (Figure 5. 24). From these 

preliminary studies, a number of different strategies could be used to improve the 

protection of III-V/Si samples. For instance, thicker metal layers could be ideal for 
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minimizing the surface pin-holes, however, it may lead to the pinned Fermi levels at the 

surface or impeded photoelectrochemical junction that can block the charge transfer. 

More complex metal oxides could also be considered. In any design, the parasitic metal 

light absorption will have to be taken into account. In any cases, the precise understanding 

of corrosion processes on coated III-V/Si samples will require in-depth structural and 

chemical investigations of the metals deposited. 

 

 

 

Figure 5. 24 Schematic representation of processes at the Ir/IrO2 coated photoelectrodes 

during operation for (a) n-Si; (b) n-GaAs photoanodes. Adapted from [155] 

 

Although promising perspectives are expected for the TiO2 deposited by ALD as a 

protection layer due to conformal and controlled deposition, [85,119,144] the three 

samples studied here (CMP GaAs-Si, pristine GaAs-Si and GaAs wafer) have failed to 

provide a longer lifetime with robust stability in PEC water oxidation. Our results suggest 

that, independently of the grown material, the deposited TiO2 cannot guarantee a 100% 

perfect protection. The studied TiO2 may possess specific local structures or defects, 

where the electrolyte can reach the GaAs underneath. The GaAs is so reactive that one of 

these defects is enough to etch consequently the GaAs and kill the PA operation. It has to 

be noted that many contradictory reports exist in the literature about the use of TiO2 as a 

protecting layer. Especially, it does exist a large variety of TiO2 stoichiometries, defects 

and substructures from one experimental setup to the other. This highlights the 

importance of providing an in-depth understanding of the TiO2 integration on III-V 

semiconductors. Especially, next steps of the work could focus on: 

 

(i) Pinholes: Pinholes are crucial in the protection of III-V semiconductors with metal 

oxide layers, especially GaAs, where the corrosion products have a high solubility in the 
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electrolyte that may lead to partially or completely peel-off of the deposited protection 

layer. [91,156] The electrolyte may permeate to the bulk GaAs through the presence of 

only one surface pinhole and lead to progressive underneath corrosion of the sample. It is 

thus of high importance to be able to identify where the corrosion starts, and what is the 

relationship with some possible defects or inhomogeneities in the TiO2. 

 

(ii) Annealing: TiO2 is the most promising and demonstrated protection layer for III-V 

and Si semiconductor photoelectrodes so far, and mostly deposited via ALD technique 

using organic precursors of Ti. Nevertheless, these precursors may dissolve when it 

comes into contact with the electrolyte. [145,154] A direct contact may establish between 

the electrolyte and bulk semiconductor photoelectrode through the tiny porosity of TiO2 

layer initiating the corrosion underneath and subsequently cracking the protective surface. 

Therefore, annealing of the ALD deposited TiO2 layer plays a significant role: to remove 

Ti precursor ligands and transform the amorphous layer into polycrystalline anatase. It is 

worth to mention the importance of the annealing conditions as it may change physical 

properties of both TiO2 protective layer and photoelectrode material (crystal structure, 

surface oxidation and intrinsic doping, etc). Thus, the incorrect annealing conditions may 

lead to the micro-failures or micro-cracks of the TiO2 layer, even if the as-deposited layer 

was apparently pinhole-free at the beginning. 

 

(iii) Interfacial defects and surface states: Generally, interfacial defects and surface 

states are known to act as recombination centers for the photogenerated charge carriers. 

[125,157,158] We may assume that, these interfacial defects and surface states might be 

present at the interface between GaAs and TiO2 as any special surface treatment except 

rinsing it with ultrapure water and drying it with N2 gas flow was not applied for the TiO2-

coated samples (CMP GaAs-Si, pristine GaAs-Si and commercial GaAs:n wafer). In this 

case, photogenerated minority carriers (holes) from the valence band may populate 

surface states leading to accelerated anodic corrosion at interface defects which become 

nucleation sites for etching pits. These etching pits become bigger and coagulate to form 

corrosion patterns undercutting the TiO2 layer as corrosion progresses. 4 
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Conclusions and perspectives 

 

This thesis was built up on the initial results obtained by FOTON Institute in 

collaboration with University College London for GaP0.7Sb0.3 photoelectrode grown on 

Si substrate, and extends further in collaboration with ISCR, with advanced assessment 

of new epitaxial III-V/Si photoanodes in comparison with commercial high-cost wafers. 

In particular, the concept of “band engineering” is demonstrated experimentally by 

showing how the optical and photoelectrochemical properties are deeply impacted, and, 

can be tuned by different band-lineups between the photoelectrode and the electrolyte. 

The main conclusions of each chapter are described as follows: 

 

Conclusions: 

 

In Chapter 1, the concept of solar energy storage in the form of H2 fuel and its potential 

promises regarding the wide applicability and high energy density was presented. The 

research background of solar water splitting technology and the working principle of 

photoelectrochemical (PEC) were presented in details. Further, the physics of 

semiconductors and heterointerfaces (metal/semiconductor and semiconductor/ 

electrolyte junctions), as well as material requirements were discussed explicitly. Finally, 

the progresses and current challenges in the development of the state-of-the-art III-V and 

III-V/Si photoelectrodes were presented. 

 

In Chapter 2, the experimental support of this thesis was given with the detailed 

description of the elaboration and physico-chemical characterizations of the III-V/Si thin-

films and photoelectrodes. Molecular Beam Epitaxy (MBE) used in the growth of III-V 

thin films, photoelectrode preparation techniques and surface processing methods have 

been described. Structural, optical, photoelectrochemical characterization techniques 

were presented in details including working principles and the parameters used in this 

thesis. Technical aspects of water splitting with thermodynamical energy requirements 

and detailed description of the photoelectrochemical cell/setup was introduced. 

 

In Chapter 3, the comparative assessment of a 1-μm thick epitaxial GaAs grown on a n-

type Si substrate and a commercial GaAs wafer was realized with in-depth confrontation 
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of photoelectrochemical performances. Based on experimental results, a similar 

magnitude of light absorbtion and charge carriers generation was found for the 1-μm thick 

epitaxial GaAs/Si sample in comparison with the commercial GaAs wafer. The large 

measured photocurrent density for the III-V/Si photoanode was further analyzed 

relatively to the theoretical one using the absorption coefficient of the sample and the 

spectral photon flux density of the solar spectrum AM 1.5G. The origin of this finding 

was associated to the contribution of the Si substrate to the light absorption, resulting in 

an additional photocurrent, as demonstrated by an in-depth analysis of the incident 

photon-to-current conversion efficiency (IPCE) and the photocurrent density under 

tunable monochromatic light illumination.  

 

In Chapter 4, the concept of band engineering, and its impact on photoelectrode’s optical 

and photoelectrochemical properties were studied experimentally with GaP1-xAsx alloys 

grown epitaxially on Si substrate. A drastic improvement of quantum efficiency and high 

photocurrent density was observed for the alloys with large As contents. The origin of 

such improvement was assigned to the direct bandgap configuration with suitable energy 

gap to absorb efficiently the large fraction of the solar spectrum. The flat-band (Vfb) 

measurements were further carried out via Mott-Schottky characterizations to study the 

variation of band lineups between the photoanode and the electrolyte, and found to affect 

the onset potential of bandgap engineered photoanodes which is crucial as it describes the 

input energy in PEC water splitting. 

 

In Chapter 5, the anodic corrosion of bare and surface protected photoelectrodes made 

of the epitaxially grown GaAs/Si and the commercial GaAs wafers were preliminary 

investigated in acidic and alkaline electrolytes. The two different surface protections: 1) 

with deposited metallic layers of iridium and nickel by sputtering technique and 2) TiO2 

deposited via atomic layer deposition technique were studied by measuring photocurrent 

density at applied voltage range with several consecutive scans. The protection efficiency 

was assessed by measuring the surface modification and elemental composition with 

optical microscopy, scanning electron microscopy (SEM) and energy-dispersive x-ray 

spectroscopy (EDX), respectively. In these preliminary studies, photoanodes were not 

successfully stabilized, indicating that further works are still needed to improve their 

protection. 
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Perspectives 

 

On the one hand, the work presented in this thesis confirms the potential of III-

V/Si photoelectrodes as a cost-effective solution to produce solar hydrogen with a very 

good efficiency, building on the large photocurrents measured, and on the ability to design 

at will the band structures, thanks to alloying (band engineering). This work thus opens a 

route toward efficient unassisted water splitting (i.e., without external applied bias). On 

the other hand, the presented results also indicate that a research effort still needs to be 

done on the protection of the photoanodes against corrosion during PEC operation. 

 

In a short-term:  

As cited in many research references, TiO2 is the state-of-the-art protection layer 

for the majority of unstable photoelectrodes, including the III-V. However, in the present 

work, the atomic layer deposited TiO2 layer did not succeed to efficiently protect epitaxial 

III-V/Si and commercial III-V wafers from the corrosion.  A prior treatment of III-V/Si 

surfaces and optimization of ALD parameters could improve the protection of 

photoelectrodes. For this reason, more samples, preferably with moderate doping density 

have to be tested with optimization of the ALD processes and thicknesses deposited. 

 

An effort should also be paid on the improvements of onset potentials for OER. 

Indeed, the photoanodes dedicated for the water OER often suffer from high onset 

potentials mainly due to the sluggish reaction kinetics and high rate recombinations of 

charges at surface states. Development and application of water OER catalysts, such as 

ruthenium aqua complex compounds could increase the reaction kinetics, and thus may 

improve the onset potential of the reaction as well as the stability of photoelectrodes. In 

the meantime, the application of surface passivation layers may contribute positively to 

reduce the charge accumulation at surface states and consecutively avoid recombinations. 

 

In a mid-term: 

Beyond the deposition of ALD TiO2 protective layers, the alternatives for the 

surface protection can be developed in parallel. For instance, deposition of a transparent, 

robust polymer with a high stability in aqueous electrolyte could be considered. However, 

these polymers have a very poor conductivity and may induce a huge resistance for charge 
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transport. To this aim, transport channels could be designed through the polymer, using 

electrodeposited nickel (or iridium) with adapted technological lithography. Moreover, 

exploring different types of electrolytes other than 0.2 M H2SO4 and 1M KOH could be 

interesting to improve the efficiency/stability of the surface protection layers. 

 

Long-term:  

Electronic passivation of III-V/Si photoelectrodes with 2D materials could 

improve the stability and charge recombination. However, the surface preparation before 

using passivation methods is very challenging and not mature yet. The presence of a small 

un-passivated area could lead to the total failure of the device. Once the surface of the III-

V/Si photoelectrodes are perfectly protected, the advanced photoelectrochemical 

characterization with intensity modulated photocurrent spectroscopy (IMPS) and 

electrochemical impedance spectroscopy (EIS) can be further developed to understand 

the physics more deeply. In addition to eutectic solution of In-Ga, different types of 

photoelectrode ohmic contacts could be tried and compared, respectively. Finally, the 

photocathodes from the similar alloy’s used in thesis can be developed and co-integrated 

together with optimized photoanodes to demonstrate unassisted PEC water splitting 

device. 
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Appendices 

 

A.1 Scanning Electron Microscopy 

 

Scanning Electron Microscopy (SEM) is a powerful characterization technique, 

which uses a focused beam of electrons to produce high-resolution images of the sample’s 

morphology. Moreover, the elemental composition of the analysed samples can be 

accessed through energy-dispersive X-ray spectroscopy (EDX) measurements. In this 

thesis, the SEM (ScanMat platform, Univ. Rennes 1) was used to characterize the 

morphology and the elemental analysis of the sample. The elemental analysis with EDS 

is carried out mainly to investigate the influence of the chemical treatment followed by 

physical polishing. Further, the EDS was used as well to check the elemental analysis 

before and after PEC activity for the samples with TiO2 passivation layer. 

 

A conventional SEM setup is presented in Figure A. 1 (a). The electron gun emits 

the electrons that are accelerated by the anode to produce the primary electron beam. 

Several electromagnetic lenses are used to shape and focus the electron beam towards the 

sample. The specimen is fixed on a scanning stage located inside the vacuum chamber 

together with the detectors necessary for the data collection. As illustrated in Figure A. 

1 (b-c), in SEM, the electron-matter interaction is mainly defined by three physical 

processes: (i) Back-scattering electrons (BSE) is the quasi-elastic interaction, when the 

primary electrons are emerging back from the sample surface. (ii) Emission of the 

secondary electrons (SE) – the kinetic energy of the primary electrons is partially 

transferred to the matter, leading to the emission of SE; (iii) Fluorescence - emission of 

characteristic X-rays upon transition of an electron from E1 to E2 subshells inside the 

atom. Depending on the maximum escape interaction depth illustrated relatively to SE 

(Figure A. 1 (c)) the first two processes are widely used in the morphological 

characterization, whereas the latter is element specific enabling the characterization of 

the chemical composition.  
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Figure A. 1 (a) Schematic representation of the conventional SEM setup, (b) the fundamentals 

electron-matter interactions used in SEM imaging contrast and (c) interaction of the primary 

electrons with the bulk of specimen 1 

 

A.2 Chemical mechanical polishing 

 

Combination of the chemical and mechanical processes, together as called 

chemical-mechanical polishing (CMP) is used in order to smoothen the surface of the 

high roughness samples. In this thesis, some of the epitaxial GaP1-xAsx alloys were 

processed with CMP in order to improve the surface quality. Especially, the samples that 

have to be characterized with ellipsometry technique, as it requires smoother surface to 

avoid fitting artefacts. In addition, GaAs/Si was processed with CMP to study the 

influence of the surface roughness to the protecting efficiency of the TiO2 passivation 

layer. 

 The sample is processed with CMP using an abrasive and chemical solution of 

H3PO4 or H2O2 (depending on the material) on the rotating disk. The sample is then 

 

 

1 https://doi.org/10.1016/B978-0-08-100040-3.00002-X 

https://doi.org/10.1016/B978-0-08-100040-3.00002-X
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pressed towards the rotating disk that contains the abrasive and wetted consequently with 

the chemical solution. The schematic diagram illustrating the functional principle of CMP 

is shown in Figure A. 2 

 

 

Figure A. 2 Schematic illustration of the CMP principle 

 

A.3 Fitting & Analysis of the spectroscopic ellipsometry data 

 

Horiba UVISEL 2 spectroscopic ellipsometer is used to characterize the optical 

properties, thickness and roughness of GaP1-xAsx alloys epitaxially grown on Si substrate. 

The approach is indirect, based on the fitting of the measured data with spectroscopic 

ellipsometry. Therefore, a fitting model suitable to the studied sample has to be developed 

before the interpretation of results. The main part of the fitting is developing a dispersion 

formula which consists of a set of two parametric equations describing the complex 

optical functions (n (real), k (imaginary)) and dielectric functions (ϵ1 (real), ϵ2 

(imaginary)) as function of photon energy (E). Knowing which dispersion formula is 

appropriate for the studied set of samples is essential. For the semiconductors of the group 

III-V and their alloys, Tauc-Lorentz model is applied to better describe the absorption 

edge, avoiding an overestimation of ϵ2 (imaginary) for energies lower than the bandgap. 

[106] The imaginary part of the Tauc-Lorentz dispersion formula (ϵ2) is defined by inter-

band optical transitions only and equals to zero for energies smaller than the optical 

bandgap, as shown below: 
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𝜖2 =
1

𝐸
×

𝐴 × 𝐸0 × 𝐶 × (𝐸 − 𝐸𝑔)
2

(𝐸2 − 𝐸0
2)2 + 𝐶2 × 𝐸2

 𝑓𝑜𝑟 𝐸 > 𝐸𝑔 

𝜖2 = 0 𝑓𝑜𝑟 𝐸 < 𝐸𝑔 

eq. A.1 

 

The real part (ϵ1) of the dielectric function is derived from the expression of (ϵ2) using the 

Kramers-Kronig integration. [106,107] Figure A.3 shows an example of simplified a 

single peak Tauc-Lorentz model that can be used to fit direct bandgap materials. The 

fitting starts by adjusting the parameters described in the ϵ2 (imaginary) part as following, 

 

- A (in eV) is related to the absorption peak, 

- C (in eV) is the broadening of the peak, 

- Eg (in eV) is the optical bandgap energy, 

- E0 (in eV) is the center of the peak 

 

 

Figure A. 3 Tauc-Lorentz model. Dielectric functions ϵ1 (real) in blue dashed-line and ϵ2 

(imaginary) in orange solid line plotted for a model material with A = 170 eV, C = 2.2 eV, Eg 

= 1.39 eV, E0 = 3.5 eV, and ϵ∞ = 0.6. Produced using VASE software of Horiba UVISEL 2 

spectroscopic ellipsometer. 

  

Then, the fitting continues with the real part of the dielectric function at high frequency 

(ϵ∞), accounting to all inter-band transition occurring at high energies. In the case of 

indirect bandgap materials that expose several absorption peaks, it is possible to include 

their respective contributions using additional Tauc-Lorentz oscillators in which for each 

absorption peak there will be added 3 additional A, C and E0 fitting parameters. 
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 After a successful fit of the raw data, the VASE software of Horiba UVISEL 2 

spectroscopic ellipsometer converts the complex dielectric functions (ϵ1 (real), ϵ2 

(imaginary)) into complex optical constant (n (real), k (imaginary)) in which the value of 

k is used to calculate absorption coefficient (α) in cm-1 using the following relation: 

 

 𝛼 =
4𝜋𝑘

𝜆
 eq. A.2  

 

where λ is the photon wavelength. 
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Titre :  Etude de photoélectrodes à couches minces épitaxiales III-V sur substrat Si pour la 
dissociation photoélectrochimique de l'eau 

Mots clés :  Ingénierie de bande, cellule photoélectrochimique, couches minces épitaxiales, semi-

conducteurs III-V sur Si, photoélectrode GaAs/Si, alliages GaPAs 

Résumé : La conversion de l'énergie solaire en 
énergie chimique sous forme de H2 via la 
dissociation de l'eau présente un grand intérêt 
dans le cadre d'une politique énergétique zéro 
carbone. Dans ce contexte, le développement 
de photoélectrodes à haut rendement et à faible 
coût de fabrication reste encore difficile malgré 
les récents travaux dans le domaine. Les semi-
conducteurs à bande interdite directe III–V 
apparaissent comme des candidats 
prometteurs, du fait de leurs propriétés optiques 
supérieures, en comparaison à celles des semi-
conducteurs à oxyde métallique ou du silicium. 
Les alliages III-V permettent également de 
profiter du concept d'ingénierie de bande 
interdite permettant une grande flexibilité en vue 
du développement de photoélectrodes. 
 

Alors que de nombreuses études portaient 
jusqu’ici sur l'utilisation de substrats III-V 
commerciaux onéreux, le développement de 
ces photoélectrodes sur un substrat Si 
beaucoup moins cher est étudié ici. Dans ce 
travail, nous montrons que des films épitaxiaux 
III-V de 1 µm d'épaisseur développés sur un 
substrat Si à faible coût peuvent produire un 
photocourant compétitif par rapport à ceux 
mesurés avec des substrats III-V. En 
particulier, ce travail démontre que les 
performances optiques et photoélectro-
chimiques des photoélectrodes GaAsP/Si sont 
profondément impactées par les variations de 
la bande interdite et des alignements de bande. 
Des tentatives préliminaires de protection 
contre la corrosion sont également présentées. 

 

Title :  Study of photoelectrodes with III-V epitaxial thin-films on Si substrate for photoelectro-
chemical water splitting 

Keywords : Band engineering, photoelectrochemical cell,  epitaxial thin-films, III-V semiconductors 

on Si, GaAs/Si dual bandgap photoelectrode, GaPAs alloys 

Abstract : Conversion of solar energy into 
chemical energy in the form of H2 via water 
splitting is of great interest in the framework of 
zero-carbon energy policy. In this context, the 
development of high-efficiency photoelectrodes 
at low manufacturing cost remains still 
challenging despite the numerous recent 
researches in the field. The direct bandgap III–V 
semiconductors have emerged as promising 
candidates, as they provide a large photon-to-
electron conversion rate, much higher than 
those of metal oxide semiconductors and 
traditional Si. Especially, the use of III-V alloys 
allows to benefit from bandgap engineering to 
achieve desired photoelectrodes requirements. 

While many research studies proposed the use 
of high-cost commercial III-V wafers, the 
development of these photoelectrodes on a 
low-cost Si substrate is explored here.   In this 
work, we show that 1-µm thick epitaxial III-V 
films grown on a low-cost Si substrate can 
produce a competitive photocurrent to those 
measured for expensive III-V commercial 
wafers. Especially, we demonstrated that the 
optical and Photo-Electro-Chemical perfor-
mances of GaAsP/Si photoelectrodes are 
deeply impacted by the variations of the 
bandgap and band-lineups. Attempts to protect 
the photoelectrodes against corrosion are also 
presented. 

 


	Thèse de doctorat de
	l’Institut National des Sciences  Appliquées Rennes
	Ecole Doctorale n  596  Matière, Molécules, Matériaux  Spécialité : Sciences des Matériaux
	List of abbrevations
	General introduction
	Chapter 1. III-V/Si photoelectrodes: motivations and issues
	1.1 Green energy storage through hydrogen
	1.2 Solar water splitting with photoelectrochemical cells
	1.2.1 Solar water splitting
	1.2.2 PEC cell with semiconductor photoelectrodes

	1.3 Semiconducting photoelectrodes
	1.3.1 Bands and Fermi level in semiconductors
	1.3.2 Solar spectrum, band structure and bandgap in semiconductors
	1.3.3 Metal - semiconductor junction
	1.3.4 Semiconductor – electrolyte junction

	1.4 Semiconductor photoelectrodes: material requirements
	1.4.1 Band gap, depletion layer and diffusion length
	1.4.2 Positioning of the energy band edges
	1.4.3 Stability of semiconductor photoelectrodes

	1.5 III-V/Si materials for photoelectrodes: promises and issues
	1.5.1 Accurate control of interfaces and doping profiles
	1.5.2 Bandgap engineering with III-V alloys
	1.5.3 Crystal defects and monolithic integration on Si substrate

	1.6 III-V and III-V/Si photoelectrode performances: a state-of-the-art
	1.6.1 InP photoelectrodes
	1.6.2 GaN photoelectrodes
	1.6.3 GaP photoelectrodes
	1.6.4 GaAs photoelectrodes
	1.6.5 p-n single and multi-junction photoelectrodes
	1.6.6 III-V/Si photoelectrodes

	1.7 Objectives of the thesis

	Chapter 2. Experiments: growth, structural, optical and electro-chemical characterizations of photoelectrodes
	2.1 Molecular Beam Epitaxy
	2.2 X-ray diffraction
	2.3 Atomic Force Microscopy
	2.4 Spectroscopic Ellipsometry
	2.5 Photoelectrode preparation
	2.6 Technical aspects of water splitting and PEC characterization
	2.6.1 Thermodynamics, stability and energy diagrams
	2.6.2 Description of the PEC setup
	2.6.2-a Working electrode (WE) and counter electrode (CE)
	2.6.2-b Reference electrode (RE)

	2.6.2 Linear sweep voltammetry
	2.6.3 Open-circuit potential and photovoltage
	2.6.4 Flat-band potential
	2.6.5 Chronoamperometry
	2.6.6 Incident Photon-to-Current Efficiency


	Chapter 3. Dual bandgap operation of GaAs/Si photoelectrode
	3.1 Introduction
	3.2 Material growth and photoelectrode elaboration
	3.3 Structural characterization of GaAs/Si and GaAs wafer
	3.4 Characterization of optical properties
	3.4.1 Light absorption coefficient (α) with spectroscopic ellipsometry
	3.4.2 Fraction of the photons absorbed from the solar spectrum AM 1.5G and theoretical photocurrent density

	3.5 Photoelectrochemical (PEC) characterization
	3.5.1 Linear sweep voltammetry (LSV)
	3.5.2 Mott-Schottky and depletion layer width (WSC)
	3.5.3 Open-circuit potential (OCP)
	3.5.4 Quantum efficiency of GaAs/Si and GaAs wafer photoanodes
	3.5.5 Photocurrent density under tunable monochromatic light illumination

	3.6 Discussion
	3.7 Summary

	Chapter 4. Alloys of III-V thin films on Si substrate with Photoelectrode/Electrolyte band engineering
	4.1 Introduction
	4.2 Sample growth and photoelectrode elaboration
	4.3 Structural characterization
	4.4 Surface characterization
	4.4 Characterization of optical properties
	4.5 Photoelectrochemical (PEC) characterization
	4.5.1 Incident photon-to-electron conversion efficiency (IPCE)
	4.5.2 Flat-band potential (Vfb) and band-lineups
	4.5.3 Linear sweep voltammetry (LSV)

	4.6 Discussion
	4.7 Conclusion

	Chapter 5. Protection of GaAs/Si photoanodes against corrosion: First attempts
	5.1 Introduction
	5.2 Stability of bare GaAs:n and GaAs/Si photoanodes
	5.2.1 GaAs:n photoanode
	5.2.2 GaAs/Si:n photoanode

	5.3 Application of metallic layers as a cocatalyst and protection against corrosion
	5.3.1 GaAs-Si photoanode protected with iridium
	5.3.2 GaAs-Si photoanode protected with nickel
	5.3.3 GaAs:n photoanode protected with iridium or nickel

	5.4 Titanium dioxide (TiO2) protected GaAs-Si and GaAs:n
	5.4.1 CMP GaAs-Si protected with TiO2 and Ni as a catalyst
	5.4.2 Pristine GaAs-Si protected with TiO2 and Ni as a catalyst
	5.4.3 GaAs:n commercial wafer protected with TiO2

	5.5 Discussions and conclusions

	Conclusions and perspectives
	Appendices
	A.1 Scanning Electron Microscopy
	A.2 Chemical mechanical polishing
	A.3 Fitting & Analysis of the spectroscopic ellipsometry data

	List of publications/conferences
	References

